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I. Equipment Selection and Preparation 
The experimental vehicular-mounted short-pulse radar system supplied 
by the U.S. Army primarily comprises three short-pulse receiver/trans-
mitters, three wideband antennas, a storage and monitor oscilloscope mounted 
on a General Electric tractor (Model E-15). It has been designed as an ex-
perimental device to gather data on ?Ubsurfac~ target characteristics. The 
unit will undergo a mechanical configuration modificat~on to optimize its 
use with the proposed test site. The modification will require approxi-
mately 2 man-weeks. 
The radar operates at a pulse repetition frequency (PRF) of five (5) 
MHz. To avoid mutual interference the output of the transmitter pulses 
are staggered so that each radar operates at a different time interval. 
This staggering is accomplished by shifting the phase of the 5 MHz signal 
to provide 0, 120°, and 240° outputs. A fourth 5 MHz output is provided 
which is again divided in frequency by a factor of 500 and used for syn-
chronization of the range gates and staircase sweep generator. The phase 
shifted 5 MHz signals are sent to the receiver/transmitter modules where 
they are amplified and routed to the short pulse transmitter in which an 
approximately one nanosecond pulse is formed for transmission through the 
sampler unit and antenna. 
Synchronization of the radar is provided by taking the 5 MHz signal 
and dividing down by a factor of 500 to produce a 10kHz clock signal. 
This clock signal is used to step a staircase sweep generator which moves 
the sampling probe progressively in time. The received signal is sampled 
50,000 times for each 10 ms sweep. By using the sampling receiver tech-
nique, a real-time waveform of approximately 1.0 nanosecond duration is 
displayed on the monitor scope in approximately 1.0 millisecond. 
II. Test Site Preparation 
From our experience with our previous programs, i~.~as strongly felt 
that the measurements needed to be made under carefully cbntrolled condi-
tions which simulate the actual highway environment so that void size 
1 
estimates could be correlated with the physical measurement of the void. 
Also, the environmental parameters, void size and void thickness need to 
be variables in the correlation of the radar signal and actual void con-
ditions. In order to achieve these conditions, a carefully constructed 
test site is needed. First, all construction must conform to standard 
road building techniques. This involves primarily the base thickness 
and composition, and the slab composition. Second, provisions must be 
made to vary the slab thickness, reinforcing, void size and thickness and 
base moisture levels. The proposed test site is illustrated in Figures 
1, 2 and 3. The base is 12 feet wide by 76 feet long. It is a graded 
aggragate base conforming to section 815 of the Department of Transpor-
tation State of Georgia (DOT/SOG) Standard Specifications for Construc-
tion of Roads and Bridges, 1977 Edition. Pressed into its surface are voids 
of various sizes and depths per Figure 2. The top of Figure 1 is an over-
head view of the base. Figure 2 shows the depths and relative locations 
of the voids for type A, B and type C locations. The void layout nomen-
clature on Figure 1 is summarized by the following examples. 
B-6-SR 
/\~ 
type B 611 void steel 
location; depth reinforced 
see Fig. 2 
A-1 
I " type A 111 void 
location; depth 
see Fig. 2 
The base will be subcontracted to a local paving contractor. The 
cost of the 12 1 wide, 76' long base is anticipated at $3.8K. Time re-
quired to build the base is several weeks, which includes site grading and 
compacting. The concrete slab will also be subcontracted in conformity 
with section 430.05 of the DOT Standard Specifications in order to fully 
simulate actual road conditions. The anticipated cost of the slab pro-
duction is $5.2K. 
Half of the slab will be formed with steel reinforcing per DOT Stan~ 
dardSpecifications for steel reinforced highway slabs to determine the ex-
tent of the interference caused by a conducting medi urrr:·Be.i ng present. A 1 so, 
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Notes: 
Dowel Bars 18" Long, 15" on Centers, 1.25 11 Dia. Height 4.5" 
Re-Bars Transverse: 5/8" Dia., 1'7" on Centers 
Longitudinal: 7/8" Dia., 8" on Centers, Height 1.5 .. 
All Dimensions in Feet Except as Noted 
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III. Data Collection 
The data collection will consist of 2431 data points taken symmetri-
cally on the slab using a 17 line x 143 line grid with the lines spaced 
6 inches apart. This data will be recorded on magnetic tape for process-
ing with the Cyber 74 university computer. The resulting matrix of data 
points will provide a 11map 11 of the entire slab which will be compared to 
the known void locations and depths. In addition to the matrix described 
above, additional measurements are planned.in a laboratory environment 
consisting of a mini-base and smaller concrete slabs. Some of the para-
meters to be varied under these conditions are: 1) concrete thickness, 
2) base moisture, 3) base types, 4) water in voids, 5) irregular shaped 
voids. These measurements will be made as time, money and man-power permit. 
The effect of these variables on the "main test lane" data will be dis-
cussed in the final report. 
The collection of the data will require approximately six months 
after the completion of the test site (see proposed time schedule). 
IV. Data Analysis Procedures 
The data analysis procedures will involve three subtasks. First, 
the measured data will be reduced to a form and format that is useable 
for analysis. Second, a mathematical model will be developed to allow an 
understanding of the environmental parameters of importance and the sen-
sitivity of the radar data to these parameters. Third, candidate pro-
cessing algorithms will be selected to process the collected data to pro-
vide identification of the location, size and shape of voids underneath 
pavements. The data analysis procedure that is planned is illustrated by 
the flaw· diagram in Figure 4. 
a. Data Reduction 
One of the objectives of the void measurement program is to develop 
algorithms to automatically process ,radar data in order to detect and mea-
sure voids under concrete highways. However, before s~l~cting and testing 
candidate detection and measurement schemes, it is necessary to visually 
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Figure 4. Data Analysis and Experimental Evaluation Procedures. 
7 
and shape voids sensed with the radar measurement system. To provide plots 
of the time and frequency responses, some of the data will be processed 
off-line with Georgia Tech's CYBER 74 computer as indicated in Figure 5. 
This figure shows the processing necessary to generate temporal and spec-
tral plots of the short-pulse radar data. 
As indicated in Figure 4, the spectral and temporal plots of the 
collected data will be studied to determine \vhat radar signal return 
characteristics can be exploited to determine void size, shape and loca-
tion. Some of the algorithms selected wil1 be designed to respond to only 
those signal characteristics that appear exploitable. Other algorithms 
may be designed to use all of the raw data collected. 
b. Mathemati ca 1 ~1ode 1 
To assist in the design of the signal processing algorithms, the con-
crete slab, the road base, and environment will be mathematically modeled 
to determine how variations in the environmental parameters (i.e., void 
size, void fill, road base moisture, concrete moisture) effects the radar 
measurements (see Figure 6). A rudimentary model was developed under the 
Georgia State DOT research study. However, it needs to be refined to be 
more realistic. One of the effects that must be considered is multiple 
reflections a) between the concrete slab faces as shown in Figure 7(a), 
b) between the void faces as illustrated in Figure 7(b). The effect of 
these multiple reflections on the returning radar signal should be analyzed 
in order to properly interpret the measured data. 
c. Selecting of Processing Algorithms 
The spectral and temporal plots of the collected data along with the 
information obtained from the mathematical model will be scrutinized to 
determine what processing algorithms to consider. Several candidate al-
gorithms will be selected. 
V. Experimental Evaluation 
Each processing algorithm selected will be implemented in software 
. ~ .. ~. ~ . 
on the CYBER 74 general purpose computer. The collected·~ata will be 
subjected to the selected algorithms and their performance will be com-
pared. The best signal processing algorithm will be selected and the 
8 
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11 
requirements for implementing that processor will be determined. In addi-
tion, the corresponding radar system requirements will be determined and 
recommended as indicated in Figure 4. 
a. Performance Comparison 
Figure 8 indicates one possible processor output. If only two rows 
of measurements are made across one of the test blocks in six inch steps 
as illustrated in Figure 8, then the processor would determine the void 
depth at each measurement position. The computer would plot the actual 
position of the voids below the test block and also superimpose on this 
plot the void depths obtained from the corresponding radar measurements. 
Figure 8 shows the computer plot obtained for a processor making 100% 
accurate void size estimates. 
Each candidate processor algorithm will yield a different quality 
void size estimation. The algorithm performance will be compared by 
taking the difference between the estimate void size and the actual void 
size. The square of all of these differences will be summed over one 
test area to yield a measure of algorithm performance. 
b. Hardware Requirements 
After selecting the best processing algorithm, the implementation 
required to provide a viable void measurements system will be determined. 
Such a system might involve taking measurements with a short-pulse radar 
and recording them on magnetic tape in the field. The magnetic tape would 
then be taken to a central computing facility for processing. On the other 
hand, perhaps a "real-time" processor physically attached to the measure-
ment radar would be feasible and advantageous. Locations of voids could 
be determined at the place of field measurement in almost real-time. The 
requirements for such a "real-time'' processor will be developed. 
12 
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Task 2 - Test Site Preparation. Build test lane with parameters 
as described in Task 3. 
Task 3 - Data Collection. The radar measurements shall be con-
ducted on portland cement pavement sections with thicknesses ranging 
from 6 inches to 18 inches, with and without reinforcing ste11, and over 
pavement subbases with both high and low moisture levels. Further, there 
shall be voids of various sizes and shapes, both empty and filled with 
water, directly beneath the pavement sections. 
Task 4- Data Analysis Procedures. Develop data analysis proce-
dures that will have as input the response signals from pulsed elec-
tromagnetic wave equipment and as the final output the identification 
of the location, size, and shape of voids beneath pavements. 
Task 5 - Experimental Evaluation. Evaluate the void detection 
pulsed electromagnetic wave equipment and data analysis pr~cedures with 
regard to accuracy, precision, reliability, limitations, operational 
characteristics, and environmental effects. 
The major accomplishment of the quarter was to complete the specifi-
cations of the test lane via a conference with Mr. Harry Smith, Dr. 
Q. L. Robnett (Civil Engineering- Ga Tech), Mr. C. G. Neill (Research-
Ga DOT), Dr. J. D. Echard and J. R. Moore (Ga Tech - EES/RAIL). The 
details of the test lane construction are included in the working plan. 
A secondary accomplishment of the quarter was the reconfiguration of 
the radar electronics. The electrical operation of the radar was not 
changed, however, the equipment was moved from the General Electric 
Tractor to a lab cart to facilitate: (1) transporation from storage 
to the test lane; (2) placement of equipment on the test lane (the 
concrete top surface will be some 20 inches above grade); (3) posi-
tioning of antenna for data collection. Efforts to subcontract the 
construction of the test lane are in progress. A statement of work 
describing the construction requirements, relationship between work to 
be done by Georgia Tech - EES/RAIL and the prospective subcontractor 
and the time table for these events has been completed and forwarded to 
the proper facilities for subcontract execution. 
l~ne ensuing quarter, the test lane will be constructed, data 
collection will begin and preliminary data reduction will be accomplished. 
It is_-_a}s_o planned that the development of a detailed math model of the 
_void detection process using short pulse radar illumination will begin • 
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QUARTERLY PROGRESS REPORT 
Voids often develop over a period of years beneath port-
land cement concrete pavements at approaches to bridges and 
at other locations such as pavement joints due to pumping, con-
solidation, subsidence, and erosion of the support material 
from beneath the pavement. This loss of support results in 
pavement distress manifested by cracking, settlement, bumps, 
and depressions in the roadway that are rough and often haz-
ardous to rapidly moving traffic. Maintenance activities and 
restoration of rideability of these distressed pavements are 
time consuming, costly, and disruptive to normal traffic move-
mento Such activities include patching, slabjacking, and re-
placement of pavement sections. 
An ability to locate voids beneath portland cement con-
crete pavements by periodic nondestructive surveys would per-
mit replacement of support material before the development of 
pavement distress and loss of structural qualities. Develop-
ments in recent years in the field of pulsed electromagnetic 
wave technology indicate good prospects for locating and de-
fining the extent of voids beneath pavements by nondestructive 
methods. 
The primary objective of this project is to determine the 
practicality of pulsed electromagnetic wave technology for lo-
cating voids beneath reinforced and nonreinforced portland ce-
ment concrete pavements up to 18 inches thick. Another objec-
tive is the identification or development of a data processing 
technique suitable for use with the equipment that can be oper-
ated by field personnel and that will provide information on 
the parameters of voids beneath pavements. It is further de-
sired that the voids beneath pavements be defined with an 
accuracy of at least + ~ inch in depth and + 6 inches in hori-
zontal dimension. 
It is envisioned that accomplishment of the objectives 
will involve the following: 
Task 1 - Equipment Selection and Preparation. Obtain 
pulsed electromagnetic wave equipment that ~haws pr0mise !or 
accuracy, reliability and economical application fo~ Iodating 
and defining voids beneath pavement slabs. The response sig-
nal for such equipment shall be capable of being recorded. 
Task 2 - Test Site Preparation. Build test lane with pa-
rameters as described in Task 3. 
Task 3 - Data Collection. The radar measurements shall 
be conducted on portland cement pavement sections with thick-
nesses ranging from 6 inches to 18 inches, with and without 
reinforcing steel, and over pavement subbases with both high 
and low moisture levels. Further, there shall be voids of 
various sizes and shapes, both empty and filled with water, 
directly beneath the pavement sections. 
Task 4 - Data Analysis Procedures. Develop data analysis 
procedures that will have as input the response signals from 
pulsed electromagnetic wave equipment and as the final output 
the identification of the location, size, and shape of voids 
beneath pavements. 
Task 5 -·Experimental Evaluation. Evaluate the void 
detection pulsed electromagnetic wave equipment and data analysis 
procedures with regard to accuracy, precision, reliability, li-
mitations, operational characteristics, and environmental effects. 
The major accomplishment of the quarter was to complete 
the test lane construction. The void layout pattern was photo-
graphed and recorded by survey prior to the pouring of the con-
crete. The construction was completed August 15, 1979, accord-
ing to the plan and specifications outlined in the WORKING PLAN. 
Data collection began 28 days after the concrete pouring and 
the preliminary data are consistent with the expected results. 
The next quarter's accomplishments will include finishing: 
the data collection task, the data reduction task, developing the 
math model, and partial algorithm evaluation. Included in the 
data collection task are the "lab measurements" to be made on 
three different base courses using reinforced and nonreinforced 
concrete slabs as outlined in the WORKING PLAN. 
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, QUARTERLY PROGRESS REPORT 
Voids often develop over a period of years beneath portland cement concrete 
pavements at approaches to bridges and at other locations such as pavement joints 
due to pumping, consolidation, subsidence, and erosion of the support material from 
beneath the pavement. This loss of support results in pavement distress manifested 
by cracking, settlement, bumps, and depressions in the roadway that are rough and 
often hazardous to rapidly moving traffic. Maintenance activities and restoration of 
rideability of these distressed pavements are time consuming, costly, and disruptive 
to normal traffic movement. Such activities include patching, slabjacking, and 
replacement of pavement sections. .. 
An ability to locate voids beneath portland cement concrete pavements by 
periodic non-destructive surveys would permit replacement of support material 
before the development of pavement distress and loss of structural qualities .. 
Developments in recent years in the field of pulsed electromagnetic wave tech-
nology indicate good prospects for locating and defining the extent of voids beneath 
pavement by non-destructive methods .. 
The primary objective of this project is to determine the practicality of pulsed 
electromagnetic wave technology for locating voids beneath reinforced and non-
reinforced portland cement concrete pavements up to 18 inches thick. Another 
objective is the identification or develop.ment of a data processing technique 
suitable for use with the equipment that can ~ operated. by field personnel and that 
will p;ovidE{ information on the parameters of voids .beneath pavements. It is 
further desired that the voids beneath pavements be defined with an accuracy of at 
least.:!: ~ inch in depth and .:!: 6 inches in horizontal dimension. 
It is envisioned that accomplishment of the objectives will involve the 
following: 
Task 1 - Equipment Selection and Preparation. 
Obtain pulsed electromagnetic wave equipment that shows promise for 
accuracy, reliability and economical application for locating and defining voids 
beneath pavement slabs. The response signal for such equipment shall be capable of 
being recorded. 
II' .. 
Two changes have been made to the system in the last quarter. The first was 
the rebuilding of the antenna boom structure making it more rigid. The second 
change, an addition to the systern of an APPLE m icrocom m 1te;. 
processing of radar data in the field thereby shortening the time to 
process· data. 
aUows for} •(M ~ 
record and dt4~ 
Task 2 - Test Site Preparation. 
Build test lane with parameters as described in Task 3. 
This task is now complete. Four indoor test boxes containing base material 
were constructed. Base materials were asphalt, concrete, aggregate, and clay. 
Task 3 - Data Collection. 
The radar measurements shall be conducted on portland cement pavement 
• 
sections with thickness ranging from 6 inches to 18 inches, with and without 
. reinforcing steel, and over pavement subbases with both high and low moisture 
levels. Further, there shall be voids of various sizes and shapes, both empty and 
filled with water, directly beneath the pavement sections. 
All the data on the indoor boxes under dry conditions, unreinforced and 
reinforced, has been taken. All data was taken against a calibrated reference. Data 
is yet to be taken on the indoor boxes under moist and wet conditions. When this is 
completed, measurements will begin on the outside roadway. 
Task 4 - Data Analysis Procedures. 
Develop data analysis procedures that will have as input the response signals 
from puls~d electromagnetic wave equipment and as the final output the identi-
fication of the location, size, and shape of voids beneath_ pavements. 
Progress has been made in this area. Based upon the theoretical modeling thus 
far, two discriminates are being tested. For variations in size of small voids, there 
is primarily a change in amplitude of the retur;n signal. For voids larger tha~ 
approximately 4 inches, a time discriminate is used, measuring between negative 
and positive peaks. Measured data shows that these two discriminates overlap at 4 
inches thus giving means to measure void sizes over a wide range. As~a larger data 







) Task 5- Experimental Evaluation. 
Evaluate the void detection pulsed electromagnetic wave equiprnent and data 
analysis' procedures with regard to accuracy, precision, reliability, limitations, 
operational characteristics, and environmental effects. 
The experiment~! evaluation thus far has led to a modification ~n mounting the 
system and a change in calibration procedures. These mods have improved 
operational procedures and improved the accuracy of measurements. 
Information on Outside Test Lane Construction 
Two photographs have been attached to this report to help answer· questions 
concerning the test lane construction. The photographs are of the outside test Jane 
before concrete was poured and show the exposed styrofoam voids. 
~ ... 
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QUARTERLY PROGRESS REPORT 
Voids often develop over a period of years beneath portland cement 
concrete pavements at approaches to bridges and at other locations such as 
pavement joints due to pumping, consolidation, subsidence, and erosion of the 
support material from beneath the pavement. This loss of support results in 
pavement distress manifested by cracking, settlement, bumps, and depressions in 
the roadway that are rough and often hazardous to rapidly moving traffic. 
Maintenance activities and restoration of rideability of these distressed 
pavements are time consuming, costly, and disruptive to normal traffic 
movement. Such activities include patching, slabjacking, and replacement of 
pavement sections. 
An ability to locate voids beneath portland cement concrete pavements by 
periodic non-destructive surveys would permit replacement of support material 
before the development of pavement distress and loss of structual qualities. 
Developments in recent years in the field of pulsed electromagnetic wave tech-
nology indicate good prospects for locating and defining the extent of voids 
beneath pavement by non-destructive methods. 
The primary objective of this project is to determine the practicality of 
pulsed electromagnetic wave technology for locating voids beneath reinforced 
and non-reinforced portland cement concrete pavements up to 18 inches thick. 
Another objective is the identification or development of a data processing 
technique suitable for use with the equipment that can be operated by field 
personnel and that will provide information on the parameters of voids beneath 
pavements. It is further desired that voids beneath pavements be defined with 
an accuracy of at least + ~ inch in depth and + 6 inches in horizontal dimension. 
It is envisioned that accomplishment of the objectives will involve the 
following: 
Task 1 - Equipment Selection and Preparation. 
Obtain pulsed electromagnetic wave equipment that shows promise for accuracy, 
reliability and economical application for locating and defining voids beneath 
pavement slabs. The response signal for such equipment shall be capable of 
being recorded. 
Two changes have been made to the system in the last quarter. The first was 
the rebuilding of the antenna boom structure making it more rigid. The second 
change, an addition ~o the system of an APPLE microcomputer, allows for 
processing of radar data in the field thereby shortening the time to record and 
process data. 
Task 2 - Test Site Preparation. 
Build test lane with parameters as described in Task 3. 
This task is now complete. Four indoor test boxes containing base material 
were constructed. Base materials were asphalt, concrete, aggregate, and clay. 
Task 3 - Data Collection. 
The radar measurements shall be conducted on portland cement pavement sections 
with thickens ranging from 6 inches to 18 inches, with and without reinforcing 
steel, and over pavement subbases with both high and low moisture levels. 
Further, there shall be voids of various sizes and shapes, both empty and filled 
with water, directly beneath the pavement sections. 
All the data on the indoor boxes under dry, moist, and wet conditions, 
unreinforced and reinforced, has been taken. All data was taken against a 
calibrated reference. Measurements have begun on the outside roadway. 
Task 4 - Data Analysis Procedures. 
Develop data analysis procedures that will have as input the response 
signals from pulsed electromagnetic wave equipment and as the final output the 
identification of the location, size, and shape of voids beneath pavements. 
Two discriminates based on theoretical modeling and verified on actual 
radar measurements have been chosen to form the final algorithum for void 
identification. For variations in size of small voids, there is primarily a 
change in amplitude of the return signal. For voids larger than approximately 
4 inches, a time descriminate is used, measuring between negative and positive 
peaks. Measured data shows that these two discriminates overlap at 4 inches 
thus giving means to measure void sizes over a wide range. 
Task 5 - Experimental Evaluation. 
Evaluate the void detection pulsed electromagnetic wave equipment and data 
analysis procedures with regard to accuracy, precision, reliability, limitations, 
operational characteristics, and environmental effects. 
The experimental evaluation thus far has led to a modification in mounting 
the system and a change in calibration procedures. These mods have improved 
operational procedures and improved the accuracy of measurements. 
Current and Future Efforts 
In the month of July the final outside test lane measurements will be made 
and the final report will be prepared. 
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QUARTERLY PROGRESS REPORT 
Voids often develop over a period of years beneath portland 
cement concrete pavements at approaches to bridges and at other 
locations such as pavement joints due to pumping, consolidation, 
subsidence, and erosion of the support material from beneath the 
pavement. This loss of support results in pavement distress mani-
fested by cracking, settlement, bumps, and depressions in the road-
way that are rough and often hazardous to rapidly moving traffic. 
Maintenance activities and restoration of rideability of these dis-
tressed pavements are time consuming, costly, and disruptive to 
normal traffic movement. Such activities include patching, slab-
jacking, and replacement of pavement sections. 
An ability to locate voids beneath portland cement concrete 
pavements by periodic non-destructive surveys would permit replace-
ment of support material before the development of pavement distress 
and loss of structural qualities. Developments in recent years in 
the field of pulsed electromagnetic wave technology indicate good 
prospects for locating and defining the extent of voids beneath 
pavement by non-destructive methods. 
The primary objective of this project is to determine the 
practicality of pulsed electromagnetic wave technology for locating 
voids beneath reinforced and non-reinforced portland cement concrete 
pavements up to 18 inches thick. Another objective is the identi-
fication or development of a data processing technique suitable for 
use with the equipment that can be operated by field personnel and 
that will provide information on the parameters of voids beneath 
pavements. It is further desired that voids beneath pavements be 
defined with an accuracy of at least + 1/2 inch in depth and + 6 
inches in horizontal dimension. 
It is envisioned that accomplishment of the objectives will 
involve the following: 
Task 1 - Equipment Selection and Preparation 
Obtain pulsed electromagnetic wave equipment that shows promise 
for accuracy, reliability and economical application for locating 
and defining voids beneath pavement slabs. The response signal for 
such equipment shall be capable of being recorded. 
Two changes have been made to the system in the last quarter. 
The first was the rebuilding of the antenna boom structure making 
it more rigid. The second change, an addition to the system of an 
APPLE microcomputer, allows for processing of radar data in the 
field thereby shortening the time to record and process data. 
-2-
Task 2 - Test Site Preparation 
Build test lane with parameters as described in Task 3. 
This task is now complete. 
base material were constructed. 
crete, aggregate, and clay. 
Task 3 - Data Collection 
Four indoor test boxes containing 
Base materials were asphalt, con-
The radar measurements have been conducted on portland cement 
pavement sections 9 inches thick, with and without reinforcing steel, 
and over pavement subbases with both high and low moisture levels. 
Further, there are voids of various sizes and shapes, both empty 
and filled with water, directly beneath the pavement sections. 
All the data on the indoor boxes under dry, moist, and wet 
conditions, unreinforced and reinforced, has been taken. All data 
was taken against a calibrated reference. All data on the outside 
test lane has been taken at several temperatures. 
Task 4 - Data Analysis Procedures 
Develop data analysis procedures that will have as input the 
response signals from pulsed electromagnetic wave equipment and as 
the final output the ident~fication of the location, size, and shape 
of voids beneath pavements. 
Two discriminates based on theoretical modeling and verified 
on actual radar measurements have been chosen to form the final 
algorithm for void identification. For variations in size of small 
voids, there is primarily a change in amplitude of the return sig-
nal. For voids larger than approximately 3 inches, a time discrim-
inate is used, measuring between negative and positive peaks. 
Measured data shows that these two discriminates overlap at 3 inches 
thus giving means to measure void sizes over a wide range. 
Task 5 - Experimental Evaluation 
Evaluate the void detection pulsed electromagnetic wave equip-
ment and data analysis procedures with regard to accuracy, precision, 
reliability, limitations, operational characteristics, and environ-
mental effects. 
The experimental evaluation thus far has led to a modification 
in mounting the system and a change in calibration procedures. 
These mods have improved operational procedures and improved the 
accuracy of measurements. 
-3-
The final report with appropriate modifications based on 
reviewers' comments is being compiled. 
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QUARTERLY PROGRESS REPORT 
Voids often develop over a period of years beneath portland cement 
concrete pavements at approaches to bridges and at other locations such 
as pavement joints due to pumping, consolidation, subsidence, and erosion 
of the support material from beneath the pavement. This loss of support 
results in pavement distress manifested by cracking, settlement, bumps, 
and depressions in the roadway that are rough and often hazardous to rapidly 
moving traffic. Maintenance activities and restoration of rideability of 
these distressed pavements are time consuming, costly~ and disruptive to 
normal traffic movement. Such activities include patching, slabjacking, 
and replacement of pavement sections. 
An ability to locate voids beneath portland cement concrete pavements 
by periodic nondestructive surveys would permit replacement of support 
material before the development of pavement disfress and loss of structural 
qualities. Developments in recent years in the field of pulsed electromagnetic 
wave technology indicate good prospects for locating and defining the extent 
of voids beneath pavement by nondestructive methods. 
the primary objective of this project is to determine the practicality 
of pulsed electromagnetic wave technology for locating voids beneath reinforced 
and nonreinforced portland cement concrete pavements up to 18 inches thick. 
Another objective is the identification or development of a data processing 
technique suitable for use with the equipment that can be operated by field 
personnel and that will provide information on the parameters of voids beneath 
pavements. It is further desired that the voids beneath pavements be defined 
~th an accuracy of at least ± ~ inch in depth and + 6 inches in horizontal 
dimension. 
It is envisioned that accomplishment of the objectives will involve 
the fallowing: 
Task 1 - Equipment Seleetion and Preparation. Obtain pulsed electro-
magnetic wave equipment that shows promise for accuracy, reliability and 
economical application for locating and defining voids beneath pavement slabs. 
The response signal for such equipment shall be capable of being recorded. 
Task 2 - Test Site Preparation. Build test lane with parameters as 
described in Task 3. 
Task 3 - Data Collection. The radar measurements shall be conducted 
on portland cement pavement sections with thickness ranging from 6 inches 
to 18 inches, with and without reinforcing steel, and over pavement subbases 
with both high and low moisture levels. Further, there shall be voids of 
various sizes and shapes, both empty and filled with water, directly beneath 
the pavement sections. 
Task 4 - Data Analysis Procedures. Develop data analysis procedures 
that will have as input the response signals from pulsed electromagnetic 
wave equipment and as the final output the identification of the location, 
size, and shape of yoids beneath pavements. 
Task 5 - Experimental Evaluation. Evaluate the void detection pulsed 
electromagnetic wave· equipment and data analysis procedures with regard to 
accuracy, precision, reliability, limitations, operational characteristics, 
and environmental effects. 
The major accomplishment of the quarter was the construction of the 
inside laboratory measurement area. The three required base boxes were 
finished and some preliminary data taken. Weather and equipment problems 
slowed the collection of data and has resulted -in the lag shown on the 
monthly progress reports. The equipment problems have been very costly 
in time due to long delivery times for a critical part in the receiver 
section. The replacement part and several spare parts have been on order 
for three or four weeks. Other tasks are proceeding on or near schedule. 
Next quarter's goals are the completion of data collection, development 
of the math model, and algorithm selection. 
ENGINEERING EXPERIMENT STATION 
GEORGIA INSTITUTE OF TECHNOLOGY • ATLANTA, GEORGIA 30332 
National Academy of Sciences 
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-- Washington , D . C • 2 0 414 
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to satisfy the monthly progress schedule requirement for April 
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ABSTRACT 
This report documents and presents the results of a study to deter-
mine the feasibility of using pulsed electromagnetic wave technology for 
locating and sizing voids beneath reinforced and nonreinforced concrete 
pavements. The data processing techniques developed can be implemented 
on equipment operated by field personnel to provide information for void 
depth and sizing to ± 1/2 inch and spatial location within t 6 inches. A 
very short pulse radar directly connected to a microcomputer was chosen 
as the equipment necessary to obtain measurements. This equipment has 
the required accuracy and reliability, and is a cost effective solution 
for the void locating problem. The radar provides a signal return from 
voids that has unique characteristics that can be examined to provide 
information regarding the location, depth, and size of the void. The 
microcomputer provides a means of real-time processing to extract the 
information from the radar signal return and record the results. Theore-
tical modeling of signal returns from voids led to suitable techniques 
for locating and sizing voids beneath the pavement. Analysis and appli-
cation of these techniques to radar measurements verified the theoretical 
predictions that radar can be used to determine the location size, and 
shape of actual voids. 
Measurements using pavement 9" thick were made inside a laboratory 
controlled environment for void sizes from 0" to 8. 5" in 1/2" incre-
ments, over base materials of concrete, aggregate, asphalt and concrete 
stabilized clay. OUtside measurements were made on a specially 
X 
constructed "highway specification" test lane with built-in calibrated 
voids. 
Measurements verified the feasibility of using pulsed electro-
magnetic wave radar equipment along with appropriate signal processing 




Pulsed electromagnetic wave technology has been shown to be very 
useful for locating and sizing voids beneath reinforced and nonreinforced 
concrete pavement. Specific signal processing techniques have been 
developed that provide the field personnel with information for void 
detection; spatial location to within ± 6 inches, and sizing to ±0. 5 
inches. The signal processing techniques were implemented on a micro-
computer system so that the results can be displayed on a video unit, 
permenantly stored on magnetic diskettes, and printed directly on paper 
for permanent hard-copy. 
Experimental evaluation of the pulsed electromagnetic wave equipment, 
and signal processing techniques for void detction and sizing was accom-
plished under laboratory controlled conditions. The equipment accuracy, 
precision, reliability, limitations, and operational characteristics were 
evaluated using 9 inch thick sections of reinforced and nonreinforced 
concrete pavement containing calibrated voids and base materials of con-
crete asphalt, aggregate, and concrete stabilized clay. Void sizes from 
0" to 8. 5" in o. 5" increments were measured under laboratory controlled 
conditions including several moisture levels. 
Additional measurements were made on a specially constructed outdoor 
concrete pavement test lane, 72 feet long by 8 feet wide by 9 inches 
thick. Calibrated voids of various shapes and sizes were surveyed in-
place before concrete was poured, and reinforcing steel was implanted in 
one-half of the test lane. Initial measurements made at 100°F 
1 
temperature enabled trained operators to detect voids but ~he magnitude 
of the signal return was not large enough for the microprocessor 
algorithms to detect and size the voids. This lack of signal strength 
was attributed to the moisture content and temperature conditions under 
which the measurements were made. Succeeding measurements made at tern-
peratures in the range from 32°F to 70°F yielded excellent estimates of 
void location and size. the signal processing algorithms, making use of 
both amplitude ratios and time differences with respect to reference 
calibrations, have been verified to perform as designed. 
Future suggested research includes continuing measurements, both in 
the laboratory and outside, to more fully substantiate the effects of 
temperature and moisture. Measurements should be made when temperatures 
are as high of 100°F to below freezing, in 5-10°F intervals. A full set 
of measurements so that seasonal temperature/moisture cycles can be taken 
into account would require tests over a period of 9-12 months, and estab-
lish exact limitations on the equipment operation. An engineering design 
study should be conducted to establish specifications and cost estimates 
for a fully ruggedized void location and sizing system for highways. 
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CHAPTER ONE 
INTRODUCTION AND RESEARCH APPROACH 
An ability to locate voids beneath portland cement concrete pavements 
by periodic nondestructive surveys would permit replacement of support 
material before the development of pavement distress and loss of struc-
tural qualities. The primary objective of NCHRP Project HR-10-14 is to 
determine the practical! ty of using pulsed electromagnetic wave tech-
nology for locating voids beneath reinforced and nonreinforced portland 
cement concrete pavements up to 18 inches thick. Another objective is 
the identification or development of data processing techniques suitable 
for use with equipment that can be operated by field personnel and pro-
vide information on the parameters of voids beneath the pavement. 
Initial work on this project was directed towards obtaining the 
pulsed electromagnetic wave equipment that showed promise for accuracy, 
reliability and economical application for locating and defining voids 
beneath pavement slabs. The research approach included a examination of 
existing pulsed electromagnetic wave equipment, signal processing hard-
ware, and recording devices. 
After this initial work, attention was concentrated on the develop-
ment of data analysis algorithms for processing the response signals from 
the pulsed electromagnetic wave equipment to enable identification of the 
location, size, and shape of voids beneath pavements. The first step was 
to construct a mathematical model for the pavement/void/base configura-
tion and a mathematical model for the eletromagnetic wave equipment. The 
3 
two models were then combined and used to predict response ~.ignal charac-
teristics. This theoretical model was used as an aid to developing data 
processing algorithms that can be used to locate and identify void shape, 
size, and depth beneath pavements. 
The final task on this project was the experimental evaluation of the 
void detection pulsed electromagnetic wave equipment and data analysis 
procedures with regard to accuracy, precision, reliability, limitations, 
operational characteristics, and environmental effects. Measurements 
were made in two phases. The first measurement phase was conducted under 
laboratory controlled conditions using sections of concrete pavement, 9 
inches thick with and without reinforcing steel, over various types of 
base materials, with both low and high moisture levels. In addition, 
voids were of various sizes, both empty and filled with water. The 
second measurement phase was conducted using~ a specially constructed 
outdoor test lane, 72 feet long and 8 feet wide, of 9 inch thick concrete 
over an aggregate base. Calibrated voids of various sizes, were surveyed 
in-place before concrete was poured and reinforcing steel was placed in 
one-half of the test lane. 
The basic report includes only a brief description of the electromag-
netic wave equipment, the data analysis procedures, and the results and 
interpretation of the measurements made in the laboratory and on the 
outside test lane. The details of the work are presented in separate 
appendices covering the electromagnetic wave equipment selected, the 
theoretical modeling, signal processing algorithms, laboratory measure-
ments and results, and test lane construction, measurements, and results. 
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CHAPTER TWO 
FINDINGS AND INTERPRETATION 
Measurement and Processing Equipment 
The electromagnetic wave equipment chosen for measurements on this 
project was a very short pulse radar. This radar has the required 
accuracy and reliability and can be economically constructed. The 
characteristics of the radar signal response from pavement containing 
voids will allow signal processing algorithms to recognize small varia-
tions related to void detection and identification. 
The equipment includes output devices that clearly display results in 
easily interpreted symbols and is mounted on a moveable platform. The 
system is totally portable and can be operated by a semi-skilled 
person. A microcomputer is used to control two output devices: a video 
screen display and a line-printer. The radar signal response from the 
pavement/void is processed in an 11 on-line" fashion by the microcomputer 
to extract information useable by the field personnel in determining void 
location, depth, size and shape. Permanent recording of the radar 
signals is available automatically via magnetic disks attached to the 
microcomputer. Measurement results for void detection are presented on 
the video monitor and the line-printer. 
The radar system and the microcomputer were mounted on a cart that 
can be pushed to most locations for measurement purposes. A complete 
description of the radar hardware and the microcomputer is given in 
Appendix A. Figure 1 is a block diagram of the system, and Figure 2 is a 
photograph of the equipment mounted on the cart. 
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PHOTOGRAPH OF MEASUREMENT SYSTEM 
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It is emphasized that the system described and used by the 
researchers for this study is not a fully operational highway version, 
the equipment has not been ruggedized. Measurements provided by the 
radar equipment and the algorithms programmed on the microcomputer are 
identical to those desired in an operational system. 
A typical return signal waveform from concrete pavement with a void 
beneath is represented in Figure 3. It is instructive to examine this in 
detail. The transmitted pulse is a single "sinewave" cycle of approxi-
mately 1 nanosecond in time. It travels through a coaxial cable and is 
connected to the antenna. The connector on the antenna causes a small 
reflection to be observed in the signal return. The signal travels 
through the horn type antenna cavity and enters the air medium. The 
antenna itself is not perfectly matched to the air, thus another reflec-
tion occurs at the end of the antenna. This reflection tends to be very 
distorted and large in amplitude. The signal that is propagated in air 
strikes the surface of the concrete, and only a very small amount pene-
trates. The majority is reflected, and appears as a replica of the 
transmitted pulse. Of the signal that does penetrate, some energy will 
be reflected by each subsequent interface. In the case of a "no void" 
situation a single small return will be present from the pavement/base 
interface. In the case of a "void" existing, two signals will be pre-
sent. The time of occurance and amplitude of those signals are the 
important parameters for void location and size determination. 
In the data measurements presented in this report only the time 
interval of the signal return around which a void typically will occur is 
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The development of a theoretical signal model was essential to the 
understanding of the problem of making measurements of voids under pave-
ment via radar. Transmission line theory provided the means for the 
modeling solution7 the details are given in Appendix B. The mathematical 
algorithms derived from the study were programmed on the microprocessor, 
and many simulated data sets were generated. 
The simulated data sets were analyzed to extract signal characteris-
tics unique to the void detection and identification process. In this 
process two important discriminants were identified, and provide the 
theoretical basis for the si~al processing techniques. For voids less 
than two and one half to three inches, there is primarily a change ,in the 
amplitude of the return signal. For voids larger than this a time 
difference measurement is used; that is measuring the time difference 
between the negative and positive peaks of the return signals from the 
void interfaces. 
Figure 4 illustrates a set of simulated signal return from voids 
ranging in size from 0" to 8.5" in 0.5" increments. 
The set of signal returns is plotted only around the actual time of 
void occurance. At time t=O is the surface of the pavement. The return 
that occurs at approximately 2 nanoseconds in time in traces 0.5" to 8.5" 
is the reflection from the bottom of the pavement/top of void air space 
interface, and is an inverted version of the transmitted signal. The 
part of the signal that occurs at a varying time from 2.3 ns to 3.5 ns 
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fere with each other, void sizes 0. 5" to approximately 3", an amplitude 
variation is visible. Beyond 3" the time difference is the key indicator 
of void size. 
The time scale for the data is linearly related to depth, but will be 
segmented dependent upon the dielectric constant through which the signal 
is propagating. In Figure 4, a depth scale is indicated at the top of 
the plot and is divided into two parts. The first part represents the 
time/ depth scale through a medium with £ =6. The second part is scaled 
with respect to air, £ =1 for the void area. Thus, concrete thickness 
can be read directly as can void size, with the two readings added to 
give depth to the base. 
calibration is not valid. 
Beyond the air/base reflection the air time 
With this segmented time/depth relation in 
mind the plots in this report will be simply labeled in time only {nano-
seconds), with the realization that in air/void areas, 1 nanosecond 
equals 5.9 inches. 
If the variations of the time and amplitude are plotted versus void 
size Figures 5 and 6 result. In Figure 5 the important area of the 
amplitude variation occurs between on and 2. 5" where a monotonically 
increasing relationship is evident. The time difference plot of Figure 6 
illustrates a linear relationship with void size from approximately 3" 
and greater. 
Signal Processing 
The analog signal processing begins with detection of the large 
signal return from the top surface of the concrete. A timing window is 
started when the top surface of the concrete is detected and stopped 
12 
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after approximately twenty nanoseconds has elasped. The signal response 
during the timing window represents the return from typical concrete 
pavement and the base material to a depth of at least 24 inches. A por-
tion of this signal, from the pavement surface to approximately 12 inches 
depth is then digitized by an analog-to-digital converter and stored in a 
digital buffer that is accessible by the 
measurement process is ·controlled by the 
microprocessor. The actual 
operator via microprocessor 
commands; the operator can position the equipment over the area to be 
tested and designate when a measurement is to be made. 
The digital signal processing algorithms were synthesized from infor-
mation provided by the theoretical modeling study. The specific 
discriminants used are the time between the negative and positive peaks, 
and the amplitudes of those peaks. The computer algorithms search 
through the electromagnetic return signal and identify minimum and maxi-
mum values and their time of occurrance .• If the amplitude exceeds a 
minimum threshold and time differences fall within prescribed bounds then 
a void is said to exist. The time discriminant is then examined to 
determine if the void size is greater than or less than three inches. If 
the void is less than three inches, the amplitude is employed to obtain 
the void size estimate. If the void size is greater than three inches 
then a time difference is used to directly gauge void size. 
A graphical representation of the void sizing algorithm is given in 
Figure 7. In the first part of the algorithm the void size is based upon 
the ratio of the negative peak to a calibration number. This number is 
determined by the operator during a set of preliminary calibration 
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pavement where voids are not likely to exist and making measurements. 
The signal return accepted for calibration at that time is used as a 
reference during the remainder of the measurements. The second part of 
the void sizing algorithm makes use of the time difference between the 
negative and positive peak signal returns from the concrete/void inter-
face and void/ base interface respectively. At approximately 3" and 
greater these signals have a time difference that is directly propor-
tional to the void size. Appendix C covers the details of the signal 
processing. 
The next step in the signal processing is to present the results on 
the visual display. Microcomputer software was developed to display the 
signal return from a particular measurement, whether or not a void 
exists, and the size of the void if it exists. The information is also 
automatically saved for future use and can be typed out on a line printer 
for permanent recording. Various options were also incorporated to 
permit permanent visual recording of the signal waveform on magnetic 
disk. Post processing software was developed to display a sequence of 
measurements and send the plot to the line-printer for permanent 
recording. All of the plots of signal waveforms in this report were 
generated or processed by the microcomputer and subsequently plotted on 
the line printer. 
Laboratory Measurements 
The experimental evaluation of the void detection pulsed electro-
magnetic wave equipment and signal processing algorithms was accomplished 
in two phases. The objective was to evaluate the accuracy, precision, 
17 
reliability, limitations, operational characteristics, and environmental 
characteristics of the equipment and processing algorithms. The first 
phase was conducted inside a laboratory under controlled environmental 
conditions. Test sections of concrete pavement approximately 43 inches 
by 43 inches by 9 inches thick, both reinforced and nonreinforced, were 
used. These test sections were placed over base materials of concrete 
asphalt, aggregate, and cement stabilized clay. Measurements were made 
as the moisture levels for the pavement section as well as the base 
material were varied. Voids were simulated by elevating the pavement 
section a measured amount above the base material. Figure 8 is a photo-
graph of a pavement section over the clay base, a 4" void is visible. 
Measurements were made for void sizes ranging from 0" to 8. 5" in 0. 5" 
increments. These measurements are illustrated in Appendix D. Some 
measurements were made for simulated voids partially filled with water. 
The findings in(,licate a definite agreement with the theory as to the 
variation in amplitude of the positive and negative peaks and in the time 
differential of the peaks. Thus, the discriminates from the theoretical 
considerations were verified. In addition, the measurements provided the 
basis verifying and refining the theoretical model. 
As an example of the results achieved, Figure 9 is an representation 
of what the operator would see on the visual display after processing a 
set of measurements as given by Figure 4. A brief explaination of this 
figure is given here; the reader is referred to Appendix C for further 
details. The horizontal axis represents a series of sequential measure-
ments; in the case illustrated, 18 measurements have been made. The 
vertical axis is calibrated in inches and information about the signal 
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FIGURE 8 
LABORATORY MEASUREMENT CONFIGURATIO~ 
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return and a void if detected and sized is represented. The estimated 
size for the void is represented two ways; one, by the length of a ver-
tical bar and two, by the numbers read vertically downward at the bottom 
of the plot. The distance from the top of the plot to the horizontal 
line where the void bars begin represents the concrete pavement, below 
the line is base material. The narrow vertical lines visible above the 
void size bars represent areas of the signal return where the amplitude 
exceeds a threshold value. Currently this value is set just above the 
clutter or noise in the signal return, thus only the strongest signals 
are displayed. 
As indicated by the void bars, this is a sequence of increasing size 
voids, and follows the signal sequence given in Figure 4. The signals 
were generated by simulation for voids of 0" to 8. 5 11 in o. 5" incre-
ments. The estimated sizes, via the algorithms, are summarized below the 
plot. The mean and standard deviation for these estimates is 
lJ=-0.028", a = 0. 123". Additional plots are given in Appendix D for 
actual measurements on several base types. 
Test Lane Measurements 
The second phase of the experimental evaluation was conducted on a 
specially constructed outdoor "test lane" which is representative of a 
section of concrete highway. The test lane measures 72 feet long, 8 feet 
wide, and 9 inches thick. The test lane was constructed according to the 
Georgia Department of Transportation specifications using portland cement 
concrete over aggregate base. Calibrated voids of various sizes and 
shapes were surveyed in place before the concrete was poured. In one 
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half of the test lane reinforcing steel was used. The voids were created 
by shaped pieces of lightweight foam, the foam itself being virtually 
invisible to the electromagnetic signal. 
Figure 10 is a photograph of the measurement equipment on the test 
lane and Figure 11 gives an approximate layout for the voids beneath the 
pavement and the reinforcing bars in the pavement. Exact measurements 
resulting from the survey of the test lane are given in Appendix E. 
Measurements on the test lane were made over the wide temperature range 
of 32°F to 100°F which had a definite influence on the results of the 
signal processing algorithms. Moisture is also a critical element that 
can affect performance. Initially when measurements were made during the 
summer at temperatures around 90°F, void indications were visible only to 
a trained operator. The microprocessor processings algorithms were not 
capable of the performance desired. Measurements subsequently made 
during the Fall and Winter seasons at temperatures down to 32°F, produced 
excellent results. 
Figure 12, presented in the format of Figure 9, is the result of a 
set of processed measurements taken every 6" along a path through the 
center of voids as indicated in Figure 1 1. The void sizes that were 
estimated by the processing algorithms are given both on the figure, as 
the would be seen by the operator, and in Table 1. The results of Table 
1 indicate void size estimates with a lJ = 0. 0 9" and cr = 0. 46 11 • 
Operational Equipment Considerations 
Several factors must be considered if this system is to be built for 
field operation. They include the efficient coverage over an actual 
highway and modifications for environmental conditions. 
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TEST LANE VOID CONFIGURATION 
24 
SIGNAL STREHGTH INDICATION 
IN AREA OF DOWELL BARS & SAW CUT 
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MEASUREMENTS EVERY 6", STARTING AT 71.5' 
FIGURE 12 
TEST LANE MEASUREMENTS 
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Speed of highway coverage. The current radar unit has an effective 
signal (or pulse) per second output of 50 PPS. If one reading every six 
inches is used as a criterion, then the unit has the capability of 
covering 25 feet/ second or 17.1 miles/hour. Thus, the radar unit itself 
has a reasonable coverage/speed capability. The microprocessor is 
currently configured as a demonstration unit and processes only about one 
signal return every 5 seconds. Indeed, even if efficiently written soft-
ware code were used it is doubtful that any acceptable speed could be 
produced. Thus, a new faster processor unit must be implemented. Iden-
tical operations to that used by the researchers would be programmed, the 
only difference would be speed of processing. 
market today that have the desired capability. 
Processors exist on the 
Width of highway coverage. Currently the antenna in use is effective 
over not more than a 2 foot width ( ±1 one foot). It is noted that the 
characteristics are slightly different in the length direction for an 
effective coverage of ±6 inches. To completely cover a single highway 
lane at one time would require the use of multipl~ antennas. There 
appears to be no mechanical equipment problem posed by the mounting of 
multiple antennas in a side-by-side configuration. There would be elec-
trical considerations. The antennas would have to be sequentially pulsed 
with energy and some of the signal background characteristics might 
change due to coupling of energy into adjacent antennas. It is thought 
at this time by the researchers that the electrical changes pose no 
problem in interpreting the signal return from a void. The speed of 
highway coverage would remain the same (17.1 mph maximum) with multiple 
antennas. 
27 
Environmental factors. As currently configured the equipment is an 
experimental measurements system. None of the hardware has been exposed 
to, nor was it expected to be, the rigors of highway use day after day. 
Both the radar unit and the microprocesser must be re-packaged for that 
purpose. The actual re-packaging of the equipment to withstand highway 
conditions, including environmental factors such as rain, snow, heat, 
etc •••• , does not pose any technical challenges. With the pre-
supposition of this type of equipment availability the electrical charac-
teristics remain unchanged. The basic signal representation would be 
identical to what is presented in this report. It has been indicated by 
the researchers that spurious reflections can be a problem and must be 
minimized. The operational equipment configuration, especially if 
multiple antennas are used, is critical if minimum reflection is to be 
realized. Techniques for this task exist and make the final operational 
hardware realizable with a minimum of additional experimentation. 
With the existing experimental measurements system some attempt was 
made to minimize these spurious reflections by simply eliminating 
causes. That is, objects were not allowed in the vicinity (±6') of the 
antenna while measurements were being made. 
As a proof of concept demonstration, absorbing material was placed 
around the antenna at a stand-off distance of 2 feet. This simple tech-
nique provided a significant reduction of unwarranted reflections. 
technique would definitely be used in an operational system. 
This 
Temperature and Moisture. Although temperature and moisture are con-
sidered environmental factors, they have been singled out as having a 
critical effect upon the signal characteristics. In fact, it appears at 
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this time that if the temperature/moisture levels are to high, the equip-
ment cannot be operated. This is the prime area that more study must be 
directed towards, if an operational system is desired. Theoretical 
analysis indicates that attenuation of the electromagnetic signal varies 
with total moisture content and temperature. From the curves given in 
the theoretical material in Appendix B, for 75°F temperature and 10% 
moisture, the attenuation is about 5 to 10 times as great as it would be 
for a temperature of 14°F and the same moisture level. Specific attenua-
tion measurements were made both in the laboratory and on the test lane 
to verify that high temperature measurement problems on the test lane are 
related to the moisture-temperature combination. Underc the same moisture 
conditions, attenuation for measurements on the outside test lane at 
100°F was a factor of 4 greater than attenuation for laboratory measure-
ments at 78°F. Clearly, the effects of a high temperature is a higher 
attenuation level and decrease in signal strength to a point where the 
microprocessor algorithms cannot detect and size the void. 
Reliability. OVer the period of this research effort, the radar and 
microcomputer have been extremely reliable. Only minimal repairs and 
maintenance have been necessary. Highway use would require fastening 
components firmly to support structures that are then shock-mounted to 
maintain high reliability. 
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CHAPTER THREE 
CONCLUSIONS AND SUGGESTED RESEARCH 
The electromagnetic wave equipment chosen for the void detection and 
size measurement program provided excellent results. The signal resp9nse 
from the radar has the sensitivity and accuracy to allow signal pro-
cessing algorithms to be applied and identify small variations related to 
the void detection problem. The equipment itself can be economically 
constructed and is suitable for highway operation with a minimum of modi-
fications. 
The microcomputer connected to the radar processed the signal returns 
in an on-line mode and presented the results on a video monitor as well 
as a line-printer for a permanent copy. Magnetic disk provided permanent 
recording of the actual signal returns. 
The system mounted on the moveable cart .P:l'OVided the portability 
needed for this research project. The system was configured to be 
operated by field personnel with a minimum amount of skill required. 
Further research for the equipment should consist of methods of pro-
tection from the environment, and shock and virbration mounting. The 
microcomputer for application to rapid highway measurements should be 
updated for faster processing. 
The theoretical modeling provided during this research project was 
complete for the understanding of the void detection and sizing 
problem. It provided the basis for development of the discriminants 
necessary for the algorithm development. The theory also provided the 
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preliminary background for the attenuation effects of moisture and tem-
perature. 
A combination of analog and digital signal processing provided the 
timing signals necessary for the extraction of the portion of the radar 
signal return corresponding to the possible locations of a void. Digital 
signal processing algorithms were developed for detecting and sizing the 
voids. The results provided the capability for spatial void location to 
±6 inches and depth sizing up to 8.5 inches with a standard deviation of 
the error of less than 0.5 inches. Calibration of the measurement 
process is easily accomplished by field personnel. 
The laboratory measurements provided a controlled environment for 
studying the radar signal interactions with voids. Verification of the 
discriminants developed in the theoretical modeling was provided by the 
controlled measurements. Several typical base materials under various 
moisture levels were measured. Void sizes from 0 inches to 8.5 inches in 
0.5 inch increments were measured, and an extensive data base was accumu-
lated for future use. Suggested future measurements should include 
special processing to show that the thickness of the concrete pavement 
and its dielectric constant can be estimated. 
an indication that this can be accomplished. 
Present measurements give 
The test lane measurements provided an opportunity to obtain data 
from a set of known calibrated voids under concrete pavement that closely 
simulated an actual highway situation. Measurements were made over a 
wide temperature range and results indicate that at high temperatures 1 
1 QQop 1 a large attenuation Of the electromagnetiC Signal OCCUrS. Mea-
surements made at less than 70°F resulted in excellent void location and 
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sizing estimates. This result definitly indicates that environmental 
conditions, especially high temperature, limit the measurement capa-
bility. Thus, the optimum time to make measurements could be during the 
winter season, at low temperatures, when the attenuation is minimized. 
Further research is suggested into the effects of temperature on the 
signal strength. Both laboratory and actual highway measurements should 
be made to more fully substantiate current available measurements and 
modeling information. 
overall suggestions for further research include preliminary design 
of an operational high-speed processing system, additional measurements 
in the laboratory and on the test lane on a continuing basis to com-
pletely document the effects of temperature, and actual highway measure-
ments to verify effectiveness of the processing algorithms. 
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APPENDIX A 
MEASUREMENT AND PROCESSING EQUIPMENT 
As a result of research, the electromagnetic wave equipment chosen 
most sui table for measurements on this project was a very short pulse 
"radar." This radar has the required accuracy and reliability and can be 
economically constructed. The signal response from the radar has the 
characteristics that will allow signal processing algorithms to recognize 
small variations related to void detection and identification. 
In order to have a totally portable system capable of being operated 
by a semi-skilled person the equipment must have output devices that 
clearly display results in easily interpreted symbols and be mounted on a 
moveable platform. To satisfy the first requirement a microcomputer was 
used with video screen display and a line-printer for output. The signal 
response from the radar equipment is then processed in an "on-line" 
fashion by the microcomputer and provides information to the field per-
sonnel for void location, depth, size and shape. Permanent recording of 
the radar signals is available automatically via magnetic disks attached 
to the microcomputer. Results for void detection are not only available 
on the video monitor but can be printed on the line-printer. 
To satisfy the portable requirement, the radar system and the micro-
computer were mounted on a cart that can be pushed to most locations for 
measurement purposes. The complete description of the radar hardware and 
the micro-computer is given in the following. 
A-1 
Electromagnetic Wave Equipment 
The requirements for void detection and sizing necessitate the use of 
equipment of very high time resolution and usability at short distances 
from the medium being measured. This translates into a requirement for 
an extremely short pulse of energy to be generated by the equipment. In 
order to actually transmit this energy into the medium a wide-bandwidth, 
low loss, matched antenna must be used. The return signal from the 
medium being measured enters the antenna and must be detected. 
requires a sensitive wide-bandwidth receiver. 
This 
The radar that satisfies these requirements and is used in these 
tests is an adaptation of the Vehicle-Mounted Mine Detection Radar 
developed by the Cal-span Corporation, Buffalo, New York, for the u.s. 
Army (MERADCOM, Ft. Belvoir, Virginia). The radar transmits pulses con-
sisting of one cycle at one gigahertz (GHz), i.e., a one nanosecond pulse 
width. Since one cycle of 1 GHz is a transient type of signal, ~e need a 
bandwidth as much as 2 GHz to prevent distortions of the signal. For our 
system, this bandwidth is required only in the transmitter, antenna, and 
sampler. The wide bandwidth is not needed for the video sections because 
the periodic, real-time return signal is sampled and reconstructed at a 
much lower frequency. Figure A-1 is a block diagram of the system, and 
the following paragraphs describe the blocks in detail. 
Timing Generator 
The timing for the system is derived from a 15 MHz crystal controlled 
oscillator. This signal is divided down to produce all gating and 
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FIGURE A-1 
RADAR BLOCK DIAGRAM 
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generator produces the 5 MHz signal that establishes the radar pulse 
repetition frequency (how many pulses per second are transmitted). 
Transmitter 
The transmitter can be divided into a short-pulse driver and 
avalanche pulse generator. The drive consists of a snap-off, step 
recovery diode that generates a transition across a coaxial pulse forming 
network, thereby generating a short transition pulse. Amplification is 
then achieved by a transistor operated iri the avalanche mode for high 
speed switching. This transistor output goes directly to the antenna. 
Antenna 
The antenna is of broadband design, working over the range from 200 
MHz to 2 GHz in frequency. To obtain the low frequency response, a TEM 
(transverse electromagnetic) horn was used which is not limited by low 
frequency. To maintain the required wide bandwidth, the plates of the 
horn are flared and exponentially tapered with resistive card loading on 
the ends. Because of this, there is little reflection of energy from the 
antenna into the receiver. In other words 1 the antenna has a very low 
voltage-standing-wave-ratio and most of the energy is transmitted into 
the medium. 
Sample Receiver 
The returning signal is sampled by a Schottky barrier diode that is 
strobed by a snap off, step-recovery diode at a 5 MHz rate. The 
periodicity of the received waveform allows us to take individual samples 
A-4 
from pulse to pulse in order to reconstruct the waveform over a longer 
time period, thereby decreasing the bandwidth requirements on the video 
and digital subsystems as given in Figure A-2. TO have samples at times 
differing from the transmit pulse, the 5 MHz signal to the sampler is 
delayed by voltage controlled delay lines 1 and 2. The control voltage 
for delay line 1 is a staircase waveform of 200 steps. Each voltage step 
causes the sample strobe to occur later on the waveform than the previous 
sample strobe. Because there are 200 steps, we sample at 200 positions 
across our real-time waveform. At each of these 200 positions we take 
450 samples and then perform intergration to increase the signal-to-noise 
ratio. Each voltage step moves the sample strobe out 92.5 picoseconds in 
range. Since there are 200 steps, the width of our sample window is 200 
X 92. 5 ps = 18. 5 nanoseconds. Comparing real-time waveforms to recon-
structed waveforms, 18.5 nanoseconds of real time corresponds to 18 
milliseconds in reconstructed time. The position of the sample window in 
range is controlled by delay line 2, via a voltage from the range 
tracker. 
Range Tracker 
The main function of the range tracker is to establish a fixed time 
reference position for the surface return. Once this is established, all 
other video is referenced to this time. Video cannot be referenced to 
the transmit pulse because of the varying antenna height above the 
ground. If it were, the position in time of the void return would vary 
making detection difficult. The range tracker locks on the surface by 
applying an error voltage to delay line 2 that keeps the leading edge of 
A-5 
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FIGURE A-2 
PERIODIC SAMPLING (SINGLE SAMPLE/POSITION) 
the sample window locked to a point slightly behind the surface return. 
The void always remains at the same position within the window regardless 
of antenna height. 
Analog-to-Digital Converter with Buffer Storage 
The video information must first be converted into a digital format 
before it can be processed by the computer. That is the purpose of the 
analog-to-digital converter. Figure A-3 illustrates sequential sampling 
that is used with the converter. The waveform can be represented by 
samples taken over one cycle of the video waveform. The video is sampled 
and in real time, each sample is converted to a digital word and stored 
in a buffer memory. Both loading and unloading of the buffer are under 
computer software control. 
Micro-Computer 
The micro-computer chosen for the void detection system was built by 
APPLE Computer, Inc., Cupertino, California and consists of the following 
components. 
( 1) r-1ain Computer 
48,000 words of random access memory 
Keyboard interface 
BASIC and PASCAL language systems 
(2) Video Display 
9" black and white 
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FIGURE A-3 
SEQUENTIAL SAMPLING 
I I I 
Sample Strobe 
Sampled Waveform 
(3) Two Mini-Floppy Disk Drives 
5" floppy diskettes 
102,000 words of storage each diskette 
3 Interface Cards 
Radar interface - digitizes radar data 
Communications interface-transfers data to/from the CYBER 
facility Printer interface - line printer communication 
(4) Printer 
Capable of printing out data/program ~istings or graphics 
(plots), 
All the plots of actual or simulated data presented in this 
report were generated on the printer. 
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A theoretical mathematical model has been developed for a concrete 
slab, an air void and an underlying base material to evaluate their 
effect on impinging radar electromagnetic (EM) waves. These theoretical 
results can then be compared to the measurements taken with the short-
pulse radar to assist in interpreting the measured results. This section 
describes the details of the mathematical model development and the theo-
retical effects of void size, spurious reflections, and concrete attenua-
tion on the reflected EM waves. 
Mathematical Model 
The model of a concrete slab and its surrounding environment is shown 
in Figure B-1. The model was deliberately kept simplistic so that 
describing mathematics are tractable. The source and receiver of the 
electromagnetic {EM) waves are located above the slab and the waves are 
directed into the slab by an appropriate antenna. The EM waves are 
reflected by the slab surface and dielectric discontinuities beneath the 
slab surface. If there is no void beneath the slab, then the only 
dielectric discontinuity beneath the slab surface will be at the con-
crete-soil interface and the incident EM waves will be reflected from 
it. If a void does exist, there will be two dielectric discontinuities 
beneath the slab surface; the concrete-void interface and the void-soil 
boundary. Each of these boundaries will reflect the incident EM waves. 
B-1 
FIGURE B-1. CONCRETE SLAB AND ENVIRONMENT. 
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FIGURE B-2. BEHAVIOR OF EM WAVES AT A DIELECTRIC BOUNDARY. 
B-2 
Consider for a moment the behavior of electromagnetic waves at the 
boundary between two media as illustrated in Figure B-2. The reflection 
coefficient, p, at the boundary is given by 
p (B-1) 
where n 1 and n 2 are the wave impedance of medium 1 and 2, respectively. 
For a perfect conductor, the wave impedance is zero; for a non-






where ll is the magnetic permittivity of space, and e: is the dielectric 
0 
constant of the medi urn. 
denoted by 

















E + E 
(B-5) 
r1 r2 
where E is the relative dielectric constant of the medium. Note that if 
r 
medium has a smaller relative dielectric constant than medium 2, then 
p has a negative value. On the other hand, if medi urn 1 has a larger~ 
relative dielectric constant than medium 2, then p is positive. 
Consider the situation where a void is not present beneath the con-
crete slab as illustrated in Figure B-3. Also, assume the transmitted 
pulse (the amplitude variation of the EM waves with time) is of the shape 
shown in the same figure. How should the radar returns from the air-
concrete and the concrete-soil interfaces appear? The concrete has a 
dielectric constant greater than that of air; thus, p at the air-concrete 
interface has a negative value. If the soil is moist, its dielectric 
constant will be greater than that of concrete and p at the concrete-soil 
interface will also be negative. Thus, the radar return will appear as 
shown in Figure B-3. Assuming the concrete-soil boundary is far enough 
below the slab surface so the two reflected pulses do not overlap, each 
of the returns should appear as the inverse of the transmitted waveform 
as illustrated. If the soil is very dry, its dielectric constant may be 
smaller than that of concrete. Then the radar return from the concrete-
















FIGURE B-3. BEHAVIOR OF EM WAVES AT AIR/CONCRETE 
AND CONCRETE/SOIL BOUNDARIES. 
B-5 
Extending this simplified analysis to the case where a void (air gap} 
between the concrete slab and the soil base does exist, the reflected EM 
waves (radar returns) are as shown in Figure B-4. Since the dielectric 
constant of concrete is greater than that of air, the reflection coeffi-
cient at the concrete-void interface is positive. However, the reflec-
tion coefficient at the void-soil interface is negative. Thus, the 
reflected pulses from these two boundaries are of different polarities as 
shown. 
The time separation between the pulses from the top and bottom of the 
void is proportional to the size of the void in the direction of the 
incident EM wave propagation. Since the radar is positioned so the inci-
dent EM waves travel perpendicular to the concrete slab surface, the time 
separation between pulses is proportional to the void thickness. The 
relationship between an air void thickness, d, and pulse separation is as 
follows: 






where c 118.0288 x 10 8 inches/second. 
(B-6) 
The radar that was used in this measurement program has a pulse 
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FIGURE B-4. BEHAVIOR OF EM WAVES AT CONCRETE/AIR 
AND AIR/SOIL BOUNDARIES. 
B-7 
than 5.9 inches if the reflected radar pulses from the concrete-void and 
void-soil interfaces are not to overlap in time. Most of the voids 
expected are much smaller than 5.9 inches. Thus, the radar returns from 
the top and bottom of the void will overlap. Since the two pulses are of 
different polarities, they will tend to subtract, producing a particular 
pulse shape that may be much different than the ones shown in Figure 
B-4. In addition, the amplitude of the composite pulse will vary 
depending on the time separation between the two pulses. The amplitude 
will tend to be proportional to the time separation and, hence the void 
thickness. This is one property of the radar return that can be utilized 
to estimate void thickness. 
Another consideration that complicates the prediction of what one 
should expect the radar return to be is multiple reflections as illus-
trated in Figure B-5. In Figure B-S(a), multiple reflection of the EM 
waves between the top and bottom faces of the concrete slab is shown. 
Some of the incident radar energy is reflected back and forth between 
faces. Each time, some of the energy is returned towards the radar 
receiver yielding a returning pulse of energy. However, if the distance 
between the concrete slab faces is greater than 
s. 9/ I e 
concrete 
inches or approximately 2.4 inches for dry concrete, the pulses do not 
overlap, and each reflection is easily identifiable. 
Multiple reflections between the air void faces as illustrated in 
Figure B-S(b) combine and must be considered, however. Since the 
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FIGURE B~5. MULTIPLE REFLECTIONS BETWEEN SLAB FACES AND 
BETWEEN VOID FACES. 
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distance between air void faces is much less than 5.9 inches, the pulse 
returns resulting from multiple reflections do overlap and each con-
tributes to the composite pulse return. The individual contribution can 
be calculated. Also, each succeeding reflection is smaller than the 
preceeding one. Thus, only a finite number of reflections need to be 
considered. 
Effect of Void Size 
An approximate mathematical expression for the composite radar 
return, s(t), due to single and multiple (3) bounces between void faces 




X(t) transmitted pulse, 
= reflection coefficient at the concrete-void interface, 
reflection coefficient at the void-soil interface, and 
T time delay the radar pulse experiences in traveling 
across the void and back. 
This expression was programmed on a digital computer and the com-
posite reflected waveform calculated and plotted. The radar return 
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THEORETICAL RADAR TIME RESPONSES OF AIR VOIDS UNDER HIGHWAY CONCRETE SLAB FOR VARIOUS 
VOID SIZES. RELATIVE DIELECTRIC CONSTANT OF CONCRETE AND ROAD BASE EQUAC 6 AND 12, 
RESPECTIVELY. IDENTICAL TIME RESPONSES ARE SHOWN IN TWO PLOT FORMATS. 
varied and soil dielectric constant was selected to approximately match 
the measured data. The concrete relative dielectric constant for dry 
concrete was determined by radar measurements to be about 6.0. 
Upon examining the plots shown in Figure B-6, one notes that both the 
negative and positive peaks of the reflected EM wave increase in magni-
tude as the void size increases. However, when the void size is larger 
than about two inches, the peak amplitude of the returning EM wave starts 
to diminish. For void sizes of three inches and larger, the pulse ampli-
tude appears to be independent of void size. This behavior of the 
returning EM waves can be explained by realizing that void sizes of three 
inches or greater produce returning pulses that tend to be non-
overlapping and, thus, signal interference does not occur. The amplitude 
of the positive peak is plotted in Figure B-7 as a function of void size 
in inches. Note that the amplitude of the positive peak varies in almost 
linear fashion for void sizes less than two inches. For void sizes 
between two and three inches, the amplitude of the peak starts to 
decrease, and for void sizes three inches or larger the amplitude is 
somewhat independent of void size. The amplitude of the negative peak as 
a function of void size is plotted in Figure B-8. Note that the behavior 
of the negative peak is very similar to that of the positive peak just 
described. 
Another measure of void size is the time separation between the EM 
reflection from the top of the air void and the EM reflection from the 
bottom of the air void. A plot of the separation between the largest 
positive going peak and the largest negative going peak as a function of 
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FIGURE B-10. AMPLITUDE OF PEAK FOR VARIOUS 
TYPES OF ROAD BASES. 
separation between these two pulses varies linearly with void size only 
for void sizes of three inches or larger. For void sizes less than three 
inches, there is virtually no change in the time difference as a function 
of void size. Thus one concludes from Figures B-7 through B-9 that the 
pulse amplitude can be used to estimate void size for voids of two inches 
or less and that the time separation between returning pulses can be used 
to estimate void sizes of three inches or more. However, it appears that 
void sizes between two and three inches presents a problem. There is a 
slight slope to the curve in Figure B-9 for void sizes less than three 
inches. It may be that one can use the combination of the curve in B-9 
with the curves in B-7 and B-8 to estimate void sizes between two and 
three inches. 
The initial value of the amplitude plots shown in Figures B-7 and B-8 
changes with the type of road base. This variation or change is illus-
trated in Figure B-10 for three different types of road bases. Note that 
only the portion of the curve for void sizes of two inches or less 
changes with road base type. The net effect is that the proportionality 
constant between the pulse amplitude and the void size changes with road 
base type. If the road base type is known a priori then one can select 
the proper proportionality constant and estimate void size based on the 
amplitude of the returning EM pulse. Road base type does not have any 
effect upon the estimation of void sizes of larger than three inches 
because the time separation between the returning pulses is not a func-
tion of this variable, but is dependent only upon the air void size. 
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Effects of Spurious Reflections 
In any radar system, there are spurious reflections which can mask 
the signals of interest. In the short pulse radar system utilized on 
this project, the interference resulting from spurious reflections limits 
the performance of the system. To recognize radar returns from air voids 
underneath concrete slabs, the returns must be large enough to exceed the 
interference level caused by reflections. To understand this limitation, 
it is important to know why these spurious reflections are generated and 
what steps one may take to reduce them. 
radar is shown in its environment. 
In Figure B-11, the short pulse 
As indicated, the transmitter/ 
receiver is attached to an antenna which is suspended in the air above a 
highway concrete slab. The transmitter/receiver is connected to a cable 
via a connecter and the cable is attached to the antenna via a 
connecter. Connecter joints in this cable create spurious reflections. 
Likewise, the interface between the antenna and the air represents a 
discontinuity and radar reflections are generated. In addition to the 
concrete slab and road base, other discontinuities which generate reflec-
tions are obstacles that are laterally displaced from the radar; for 
example, the mobile cart upon which the radar is mounted. Other 
obstacles which might generate spurious reflections are personnel in the 
vicinity of the radar or perhaps nearby vehicles and other such 
obstacles. 
The time that it takes a electromagnetic pulse to traverse an elec-
trical circuit such as a cable or antenna is equal to the physical length 
of the circuit divided by the velocity of the electromagnetic wave within 
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mately the speed of light. Thus the time it makes waves to travel from 
one end of the cable to the other is its physical length divided by the 
speed of light. The velocity of EM waves through an antenna structure, 
such as the one used with the short pulse radar, is much slower than the 
speed of light. The exact delay time through the antenna is not known, 
but is considerably more than that associated with its length. Of 
course, the transit time of EM waves through air is equal to the distance 
they travel divided by the speed of light. The transit time through 
concrete depends upon the amount of moisture in the concrete. The 
dielectric constant of dry concrete at these frequencies is approximately 
six. Thus, the time it takes electromagnetic waves to traverse one 
direction in the concrete slab is the thickness of the slab divided by 
the velocity of the waves through the slab. The velocity of EM waves 
through concrete is approximately the speed of light divided by the 
square root of the relative dielectric constant. 
The reflections in the antenna cable places an attenuated replica of 
the slab return at about the same time as the void return, thus inter-
fering with the void return. Other paths that provide interferring 
signals in the time period of interest are suggested in Figure B-11. In 
Figure B-12, the presence of interference caused by spurious reflections 
is illustrated by the solid curve and the signal that one might expect 
from a void is indicated by the dashed line. It is fairly obvious that 
if the void return is attenuated and is small, then one might have diffi-
culty in distinguishing it from the interference signals. Thus, it is 
necessary that the void amplitude be several times larger than the 
largest interference signal amplitude in order to differentiate between 
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the two. The ratio of these two signals is called the signal to inter-
ference ratio (SIR). The SIR should be at least four or greater in order 
to properly detect the presence of an air void. In the next section of 
this appendix the sources of signal attenuation will be addressed. As 
will be indicated in that section, the major source of attenuation only 
attenuates the void signal and does not have much of an effect on the 
interference level. Thus the void signal may be reduced in size compar-
able to that of the interference level. 
Effects of Attenuation 
The effects of attenuation on the void return signal is three-fold. 
As mentioned previously, the attenuation reduces the returning signal 
relative to the interference level and thus the SIR may be insufficient 
for proper void detection. Another effect of attenuation is to lengthen 
the pulse so as to distort the return signal. A third effect is to 
reduce the peak to peak amplitude of the returning signal and thus make 
it difficult to estimate the size of the void based on amplitude. 
Because of these reasons, it is important to understand the effects of 
attenuation and how it comes about and under what conditions it exists. 
In this section attenuation factors for various types of materials as a 
function of moisture will be reviewed and presented. 
The major source of attenuation in this application is the concrete 
slab positioned on the road base. Radar return signals from beneath the 
road base are not of interest. Thus, in this discussion, attenuation 
characteristics of the concrete block is of paramount importance. Unfor-
tunately, very little information on the attenuation characteristics of 
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cement or concrete at the frequency of the short pulse radar seems to be 
available. However, some inferences can be made based on existing data. 
Attenuation characteristics of materials are very much dependent on 
the frequency of the electromagnetic energy impinging on it. Therefore, 
a discussion of the radar frequency of operation is necessary. The tern-
poral signal generated by the radar transmitter is approximately that 
illustrated in Figure B-13 (a). The frequency spectrum of this trans-
mitted signal is calculated to be that shown in Figure B-13 (b). The 
antenna frequency characterics will modify this spectrum somewhat. How-
ever, since the antenna is very wideband, it does not significantly alter 
the spectrum shown. Most of the energy in the transmitted signal is 
located between the "one-half power" frequencies. These frequencies are 
defined where the voltage spectrum is down 0. 707 from the peak value. 
For the spectrum shown, these frequencies are approximately 0.4 and 1.2 
GHz with a mean of about o.a GHz. Thus, the attenuation characteristics 
of concrete over this frequency band is of major interest. 
with 
tan 
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(a) Transmitted Temporal Waveform 
o.o 0.9 1.8 2.7 
Frequency ( GHz) 
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Figure B-13. Temporal and Spectral Responses of Transmitted Waveform. 
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x = the distance EM waves travel through the dielectric 
material. 
The attenuation in dB per inch of two-way travel is given by 
Attn (dB/inch) 2.31 X 10-9 f £ tan o 
r 
(B-9) 
with the terms as defined above. Thus, there are two dielectric proper-
ties that contribute to a material's attenuation characteristics: the 
relative dielectric constant and the loss tangent. Tables of these two 
characteristics for a large variety of materials exist. (~) (~) <!>· How-
ever, usually they are given for widely separated discrete frequencies, 
e.g., 0.3 and 3.0 GHz. The value of these parameters between these fre-
quencies appears not to be available for many materials. Dielectric 
properties for a few materials have been measured in the frequency range 
of interest over a continuous range of frequencies. For example, the 
relative dielectric constant and loss tangent of Goodrich Clay has been 
measured and is given in Figures B-14 and B-15 for two different tempera-
tures. Similiar information for concrete over a range of temperatures 
and moisture conditions is highly desirable, but apparently not avai 1-
able. One paper ( ~) discusses concrete and cement but not in the fre-
quency range of interest for this application. The dielectric constant 
and loss tangent for a frequency of 3.0 GHz ( A.= 1 Ocm) is indicated in 
Figures B-14 and B-15 by an asterisk. The corresponding two way attenua-
tion has been calculated utilizing the information in Figures B-14 and B-
15 and is given in Figure B-16. Note that the signal attenuation value 
shown for hardened cement is about half that of clay at 3.0 GHz. Whether 
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Hoekstra and Delaney (~) indicate that many types of soils are 
characterized by a "dielectric relaxation" at certain frequencies. The 
dielectric constant decreases with increasing frequency and the dielec-
tric loss factor (loss tangent) goes through a maximum at a certain fre-
quency. They indicate that the relaxation observed can be attributed to 
the presence of bound water in soils. In comparing the relaxation of 
water in bulk and soil water, it is observed that the frequency of 
maximum dielectric loss in soils is displaced to a much lower frequency 
than in bulk water; typically between 0.3 to 1 GHz for soil water com-
pared to 22 GHz for bulk water. Also, the f~equency of maximum loss is 
dependent on temperature. These effects are clearly illustrated by the 
curves shown in Figures B-14 and B-15 for the Goodrich Clay. In general, 
lower temperature yields a lower attenuation and a higher frequency of 
maximum loss. Apparently, the so-called "bound water" consists of a thin 
layer of water molecules intimately bonded to polar sites in the host 
medium. This bonding reduces the rotational polarizability of the water 
molecules and thus lowers their relaxation frequency <2>· 
It is suspected by the authors of this report that the same effects 
of moisture on concrete can be observed. In summary, there is more 
information on moist soils than on moist concrete at the frequencies of 
interest. For the purpose of this discussion on theory, it will hence-
forth be assumed that moist concrete behaves in the same manner as moist 
Goodrich Clay. It is also postulated that concrete at lower temperatures 
(e.g. freezing) will exhibit considerably lower attenuation in the same 
manner as moist Goodrich Clay. This observation becomes significant when 
trying to interpret some of the measured data collected on this project. 
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The effect of the attenuation on the radar return from an air void 
under a concrete slab is threefold as indicated earlier. First, the 
signal to interference ratio (SIR} is reduced. For example, the signal 
attenuation through a 10 inch slab of concrete with the loss characteris-
tic postulated in Figure B-16 is about 8 dB at 24°c (one half the value 
for clay at 0.8 GHz). If the moisture content is reduced or if the tern-
perature is reduced, this loss decreases dramatically. For example, if 
the temperature is below freezing, the attenuation through 10 inches of 
material is about 2 dB. If the concrete is relatively dry, the attenua-
tion has been observed by the authors at much smaller values. As indi-
cated earlier, most of the interference signals do not travel through the 
concrete slab, and therefore, do not experience this attenuation. Thus, 
the attenuation being discussed directly reduces the SIR, and thereby 
reduces the ability to distinguish void signals from interference 
signals. 
Another effect of attenuation is to corrupt the ~stimation of void 
size if the void is less than 3 inches where peak signal values are used 
in the estimation. For larger void sizes, the attenuation does not 
directly effect the estimation. 
A third effect of attenuation on the radar return from an air void is 
to distort the shape of the returning signal, making it more difficult to 
recognize. In Figure B-16, note that high frequencies in the band of 
interest are attenuated more than low frequencies. Thus, the spectrum of 
the radar return is distorted causing the radar signal itself to be 
changed. The general effect is to make the spectrum narrower in band-
width and, thus, make the radar returning signal of longer time dura-
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tion. However, this effect is not as serious as the attenuation of 
signal amplitude. The signal is likely to be attenuated below the inter-
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Analog/Digital Hardware Processing 
The analog signal processing involves the detection of the large 
signal return from the top of the surface of the pavement. This is 
accomplished by a electronic hardware section called the "range 
tracker". Once the time of the surface return is established all other 
video timing is referenced to that point for the hardware functions. 
This has been done so that small random movements of antenna height above 
the ground do not affect the signal return timing for void detection. 
With the top of the pavement surface established as a fixed time 
reference voids will appear within a fixed time interval after the 
reference time. 
From this reference point a timing "window" is initiated. The signal 
is allowed to pass through for subsequent processing for approximately 20 
nano-seconds (20X10-9 seconds), relating to an equivalent distance in air 
of approximately ten feet. This time (20 nanoseconds) in a medium such 
as concrete, £ = 6, is modified by the dielectric constant so that 
approximately 4 feet is available for processing. It is noted that this 
is only a result of timing conditions in the analog processor. The radar 
signal return before application of the window represents a distance of 
approximately 100 feet in air, or 30 feet in average soil. With the 
analog signal windowing applied, the available depth is limited. 
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A portion of the analog signal in this timing window is then 
digitized by an analog-to digital converter and stored in a digital 
buffer memory. The buffer memory is accessed by the micro-computer under 
program control, thus the signal return is now represented by a set of 
numbers that can be further processed by the software program in the 
micro-computer. The actual time at which a set of samples is digitized 
and put into. the micro-computer memory is under direct operator con-
trol. A command is issued to the micro-computer by the operator and the 
sampling process is initiated. Thus, the operator can position the radar 
equipment over the specific area to be tested and designate when a mea-
surement is to be made. The amount of signal currently digitized and 
stored is approximately equivalent to a two-foot depth. 
Digital Software Signal Processing 
Any manipulation of the radar signal return can be construed as 
"signal processing". Thus, everything that occurs within the micro-
computer related to the signal falls in this category and needs explana-
tion. For this reason this section has been divided into two parts; the 
first detailing the signal processing related to the theory of finding 
and sizing voids; the second describing secondary manipulations of the 
signal return. These secondary manipulations do not extract information 
but include such processing functions as display and storage of the 
signal. 
parts. 
The following is a listing of the processing described in both 
Part one: 
(1) Calibrate signal return using reference waveform. 
C-2 
( 2) Identification of local minimums and maximums in the signal 
return. 
( 3) Locate the smallest minimum and largest maximum and test for 
"threshold" crossing. 
(4) Test for time difference between the selected smallest/largest 
peaks; estimate void size if time discriminate is applicable. 
(5) Test for amplitude values; estimate void size using amplitude. 
Part two: 
(1) Data transfer from buffer memory to micro-computer memory. 
(2) Data transfer from micro-computer memory to magnetic disk 
memory. 
(3) Data display and plot on the video unit. 
(4) Data print-out on the line-printer. 
Part One 
{1) The signal return from the concrete/base media has a significant 
amount of interference or clutter amplitude perturbations. In an attempt 
to "normalize" or remove the interference a "reference" signal return is 
recorded from an area where no void is likely to exist. This reference 
is subtracted directly from all subsequent measurements. Only perturba-
tions from the reference signal are thus processed for void location and 
sizing. The clutter perturbations remain essentially fixed over the 
extent of the concrete pavement. Changes occur in going from a non-
reinforced section to a reinforced section, if thickness changes drasti-
cally, or temperature/moisture content vary significantly. 
cases, a new reference sign~l must be recorded. 
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In these 
( 2) The identification of the minimum and maximum peaks of the 
signal return is the first step in void detection. As indicated in the 
theoretical modeling there is a reflection from the bottom of the pave-
ment/void interface and another reflection from the void/base inter-
face. The size of the void determines the timing of the two signal 
reflections. Even under no void conditions there will exist a signal 
reflection if the base material is not identical to the pavement 
material, but this should be minimal due to the subtraction of the 
reference. A sequential search is made through the signal and all local 
minimum/maximum values are stored along with their time of occurrence. 
(3) From the theoretical modelipg it is known that if a void is pre-
sent a large negative amplitude peak occurs first followed by a large 
positive amplitude peak. As a result, the algorithm initially searches 
through the list of minimum values and picks the largest negative ampli-
tude as the candidate. Then the algorithm searches for the largest posi-
tive peak occurring after the negative amplitude occurrence. The 
resulting output is now the amplitude and time of occurrence for the 
largest negative peak and the largest positive peak following the nega-
tive peak occurrence. The amplitudes are then compared to a minimum 
acceptable amplitude called the "threshold". If the values fall below 
this threshold there is a high p~obability that the minimum/maximum pair 
chosen does not represent the location of a void. This threshold value 
has been computed based upon laboratory measurements to give reliable 
void detection and identification of size. 
(4) As described in the theoretical modeling, the time differential 
between the identified peaks is a measure of void size, especially for 
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voids larger than three inches. Thus the algorithm checks this time 
differential. If the value exceeds the nominal value for a three inch 
void then the void is sized by that time differential. If the time is 
less than the nominal value for a three inch void the determination of 
void size is passed on to the amplitude, discrimination. For actual 
signal returns from voids there is a minimum value for the time differen-
tial, and the algorithm checks to see that the minimum is exceeded. This 
prevents random noise spikes from being detected as voids. 
The time between data samples being processed is o. 026 nanoseconds. 
In terms of the time difference in these units, the void size is esti-
mated by 
Void Size (inches) (0. 026)r(5. 9014402)• time difference 
with the constraint that the time difference is greater than 19 time 
units or data samples. This establishes the switch point at 311 • 
(5) Based on the theoretical modeling and with calibration biases 
developed during laboratory measurements, the amplitude discrimination 
algorithm looks at the negative peak values to size a void less than 
three inches. Experience with laboratory measurements has shown that the 
negative peak value yields the best results. 
In terms of the amplitude units in the microcomputer for the data 
samples, the void size is estimated by 
Void Size {inches) 
6 -1 [Peak Negative Amplitude] 
sin 
n Calibration Number 
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with the constraint that the time difference is less than or equal to 19 
time units. 
Part Two 
( 1 ) The signal return that has been digitized by the analog-to-
digital converters has been stored in a temporary buffer memory. The 
digitizer samples the signal return every 0.013 nanoseconds. In con-
crete, this is approximately equivalent to 0.03 inches. Thi$ memory is 
not easily used for normal micro-computer operations and a special 
retrieval algorithm was written so that the signal data is accessible. 
The algorithm transfers up to 512 8-bit binary words from the buffer 
memory to the computer memory. 
( 2) At the option of the operator signal returns can be automati-
cally transferred from micro-computer memory and stored on permanent 
magnetic diskettes. The algorithm transfers up to 512 8-bit binary words 
from micro-computer memory to disk. 
For the detection/sizing of voids it was determined that only a 
sampling of every other point was needed to accurately represent the 
signal return. In addition, the total length of 512 points was deemed 
unnecessary since the area or time for a signal return from a void should 
appear much sooner than the 400th point. Thus, every other point, for 
the first 440 points, was chosen for transfer, making the total of 220 
points available. This represents approximately 1.15 feet of depth in 
concrete. When 9 inches of concrete is assumed, the signal return is 
composed of a portion through the concrete and the remainder through the 
void {air). The resulting signal return processed (220 points) thus 
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represents 9 inches of concrete and approximately 12 inches of void 
» 
possible below the concrete - a total depth of just under 2 feet. It is 
important to realize that this is simply a function of user chosen 
parameters. If thicker concrete pavement is involved or more depth is 
desired, only timing parameter changes are necessary. No limitations are 
placed on the signal processing or void sizing algorithms because of the 
chosen timing parameters. 
( 3) Several display options are available to the operator at any 
time during the data processing sequence. The first is the actual digi-
tized signal return. The second is the numerical information about the 
minimum/maximum amplitudes and time difference values of the signal. The 
third is the "synthetic" void location and sizing display, which is the 
primary information display for the operator. This display illustrates 
both numerically and graphically the void location and size results for 
each measurement. The display is labeled "synthetic" because of the 
representative graphical indications of concrete pavement thickness and 
void size. Figure c-1 illustrates the display with annotations for 
explanation. The results obtained from the signal processing through the 
amplitude/time discriminate algorithms are directly illustrated on the 
display. 
( 4} At any point in the measurement process, a permanent hard-copy 
of the results can be obtained. All the necessary data has been stored 
on magnetic disk and can also be printed at any time in the future. The 
software programs involved can plot 220 points for a single return and 
the rnul tiple option can plot up to seventeen returns on the same video 
display and obtain a hard-copy. 
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The experimental evaluation of the void detection pulsed electro-
magnetic wave equipment and signal processing algorithms was accomplished 
in two phases. The objective of the experimental evaluation being to 
quantify the accuracy, precision, reliability, limitations, operational 
characteristics and environmental characteristics of the equipment and 
processing algorithms. The first phase was conducted inside a laboratory 
under controlled environmental conditions. Test sections of concrete 
pavement approximately 43 inches by 43 inches by 9 inches thick, both 
reinforced and nonreinforced, were used. These test sections were placed 
over base materials of concrete, asphalt, aggregate, and concrete 
stabilized clay and measurements were made. Moisture levels were varied 
both for the concrete top section as well as the base material. Voids 
were simulated by elevating the top concrete section a measured amount 
above the base material. 
Actual measurements were made for void sizes 0" to a. 5 11 in 0. 5" 
increments. Some measurements were made simulating voids filled with 
water. The findings indicate a definite agreement with the theory as to 
the variation in amplitude of the positive and negative peaks and in the 
time differential of the peaks. Thus, the discriminates from the theore-
tical considerations were verified. In addition, the measurements pro-
vided the basis for calibration of the theoretical modeling. 
bration involves a bias for differing base materials. 
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The cali-
In the following paragraphs the details of the laboratory measure-
ments and results are given. The design and construction of the test 
sections of concrete pavement, base sections, the methods used to obtain 
voids between the pavement and base sections, and methods for calibration 
are detailed. Extensive plots are included covering all measurements 
made, including non-reinforced and reinforced concrete sections. The 
analysis of the measurements and the resulting tables for void sizing are 
included. 
Pavement and Base Description 
Four base forms were constructed from wood, all with dimensions of 
4 311 by 4 3" by 1 2 11 • The base forms were filled with concrete (12 inches 
deep), asphalt (8 inches deep), aggregate {10 inches deep), and concrete 
stabilized clay {12 inches deep). Three pavement forms were construQted 
from wood, all with inside dimensions of 43" by 43" by 9".., These forms 
were all filled with concrete, one having reinforcing steel. So that the 
pavement sections could be moved easily, eye bolts were included in the 
corners. A hoist was also constructed to accomodate the movement of the 
concrete pavement sections. All materials and construction methods 
followed as close as possible State of Georgia Construction specifica-
tions. 
Void Simulation 
Measurements were made by placing one of the concrete pavement 
sections on top of a selected base section. Voids were created by 
elevating the top section using exact sized wood blocks. The wooden 
D-2 
blocks themselves do not interfere with the radar signal return from the 
voids. A complete set of wooden blocks were made such that voids from 
0.5" to 8.5" in 0.5" increments could be created. 
Calibration 
The pulsed electromagnetic wave equipment must be adjusted at the 
beginning of each day to insure that a consistent set of measurements can 
be obtained from day to day. In addition, fine tuning might be required 
if there is a large temperature changes during the measurement time 
period. To make this calibration as easy as possible a calibration test 
fixture was constructed. Figure D-1 illustrates the configuration for 
this fixture. The fixture contains special light weight absorbing foam 
and a metal plate. The foam absorbs some of the electromagnetic energy, 
thus, decreasing the return from the metal plate. This calibration 
fixture is very light weight and provided a consistent reference for the 
equipment. So that a very consistent set of measurements could be 
obtained in the laboratory controlled conditions, the calibration fixture 
was used as a check between each void size change. This procedure is not 
necessary under normal operating conditions, only an initial calibration 
is needed. 
Plotted Measurements 
Figure D-2 to D-5 illustrate the results of measurements for void 
sizes O" to 8.5" in 0.5" increments over all four types of base 
materials. The concrete pavement section used did not contain rein-
forcing steel. Figures D-6 to D-9 illustrate the same measurements of 
voids using the steel reinforced pavement section. 
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FIGURE D-1. CALIBRATION FIXTURE. 
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Each figure has four associated plots. The first in each is a 
SequenCe Of Signal returnS fOr the VOid SizeS 0" tO 8. 5 It 1 in 0 • 5 11 incre-
mentS, with each signal return sequentially offset up the page for 
clarity. This type of plot facilitates comparisons between signals as 
the void size increases. By examination the differences in the signals 
become evident, especially the time deviation of the most positive ampli-
tude peak. The second plot is of the time difference actually measured 
by the micro-computer between the largest negative amplitude peak and the 
largest positive amplitude peak. By examination it can be seen that this 
curve follows the theoretical modeling quite accurately. Similarly it 
can be seen that in the neighborhood of three inches a slope change 
occurs. It is in this area of a steeper slope that reliable void sizing 
can be accomplished. The remaining two plots illustrate the largest 
negative amplitude peak value and the largest positive amplitude peak 
value respectively. These plots also follow the theory very closely, the 
steepest slope occurring in the void size areas less than three inches. 
In all cases, t;;_he plots with and without reinforcing steel can be 
compared in the area of the void and be found to be almost identical. 
This clearly indicates that the reinforcing steel has only a minimal 
effect on the signal response from the void and is not a potential 
problem area. There is a difference in the signal returns in the area 
where the steel rod occurs. This result indicates that the electromagne-
tic wave equipment can definitely detect and locate reinforcing steel. 
In all of the above measurements, the pavement sections and the base 
material were kept as dry as possible, being exposed only to inside 
laboratory temperatures and humidity levels. Voids themselves were kept 
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empty. This set of measurements represents an excellent verification of 
the theoretical modeling. The data for the cases of concrete~aggregate 
and clay base materials were put through the signal processing software 
for void location and sizing. The results are illustrated in Figures 
D-10, D-11, and D-12 for the synthetic displays in each case. In Tables 
D-1, D-2, and D-3, the results are tabulated along with a mean and 
standard deviation computation for the error in estimation of void size. 
Figure D-13 and D-14 are plots of signal returns from selected void 
sizes for wet concrete and clay base sections. Two moisture levels were 
used, the second being considered very wet, and by comparison no signifi-
cant signal changes are observed. In addition, comparison with the dry 
measurements yielded no significant differences. For this set of 
measurements it is important to remember that only the base materials 
were wet. When the top pavement sections have a higher moisture level 
attenuation of the signal results. It is concluded that as long as the 
high moisture levels are confined to the base materials no degradation in 
performance for locating and sizing voids beneath pavement occurs. 
Figure D-15 plots signal returns for the situation indicated in the 
diagram. For this case, the void was represented by a 12" by 12" by 2n 
thick piece of foam set in the aggregate base material under soaking wet 
conditions. The pavement section on top did not have reinforcing 
steel. The measurements plotted were made by sequentially moving the 
equipment across the block in 2 11 increments. This situation simulates 
the location of a typical void under highway pavement with wet base con-
ditions. The indication is that the signal returns decrease in strength 
at the edges of the void. At greater than 4 inches from the edge of the 
void, the signal no longer indicates a void. 
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FIGURE D-15 VOID LOCATION SIMULATION: WET BASE. 
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Figure D-16 illustrates measurements of a selected set of void sizes 
with one-half inch of water filling the bottom of the void. The base 
material was clay and the pavement section did not contain reinforcing 
steel. The water itself has a very high reflection coefficient, thus a 
larger magnitude return is observed for the positive peak. Also, since 
more energy is reflected, less is transmitted through the water and the 
top of the clay base is not obviously visible. The table included in 
Figure D-16 list the time and amplitude discrimination results for these 
measurements. As indicated by the table, the discrimination algorithm 
was in error by -0.5" for void size, exactly the depth of the water. This 
result is expected since the large return from the water masks the true 
void bottom. Only if a void is totally filled with water is it possible 
to obtain a return from the bottom, thus making a void size estimate 
possible. 
All measurements inside the laboratory thus far have been with dry 
concrete pavement sections. In order to obtain background data on the 
eff~cts of moist pavement conditions, one of the sections was heavily 
soaked with water. Table D-4 summarizes the results of attenuation mea-
surements made for both wet and dry cement sections. The units of 
comparison are decibels; if a value of 10 dB attenuation is observed, 
only one-tenth of the signal strength is available. The wet block 
clearly attenuates the signal a significant amount, and in some cases 
would eliminate the possibility of seeing voids. Another measure of 
system performance is the amount of signal strength returned from a void 
as compared to the noise or miscellaneous signal returns. Measurements 
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MEASUREMENTS: VOID PARTIALLY FILLED WITH WATER 
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TABLE D-4 
LABORATORY ATTENUATION MEASURH1ENTS* 
PAVEHENT MOISTURE ATTENUATION SIGNAL-TO-INTERFERENCE RATIO 
Dry 
Non-reinforced 5% 14 dB 12 dB 
Dry 
Reinforced 5% 15 dB 10 dB 
Wet 
Non-rei nfo'rced 11% 20 dB 7 dB 
D-26 
greater signal than noise is possible under dry conditions. Significant 
attenuation will decrease this ratio and the minimum ratio that the 
micro-computer signal processing algorithms can produce reliable results 
with is approximately 8-10 dB. 
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APPENDIX E 
TEST LANE MEASUREMENTS 
The second phase of the experimental evaulation was conducted on a 
specially constructed outdoor "Test Lane" which is representative of a 
section of cement highway. The test lane measures 72 feet long, 8 feet 
wide and 9 inches thick. Georgia Department of Transportation specifica-
tions were used in its construction; concrete over aggregate base. Sur-
veyed in place before concrete was poured were calibrated voids of 
various sizes and shapes. In one-half of the test lane reinforcing steel 
was used. The voids were created by shaped pieces of light weight foam, 
the foam itself being virtually invisible to the electromagnetic signal 
emitted. 
Several sets of measurements were made over the test lane with the 
main variable being temperature. Initial measurements were made at 100°F 
and results were very poor. Voids were visible; that is they could be 
located, but only by the trained operator. The magnitude of the signal 
return was not large enough for the micro-processor to be able to posi-
tively detect. This lack of signal strength is directly attributable to 
the moisture content in the concrete. The attenuation of the electro-
magnetic signal varies with total moisture content and temperature. 
Later measurements made at temperatures from 32°F to 70°F produced 
signal levels that resulted in void location and sizing via the micro-
processor algorithms. Results verify the discriminates developed. 
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In the following paragraphs the details of the test lane construc-
tion, which includes a- description of the voids and how they were 
created, is given. The measurements made on the test lane are illus-
trated and results discussed. Conclusions regarding the effects of 
moisture and temperature are given and future research and measurements 
are suggested. 
Test Lane Construction 
The test lane pavement is 72 feet long by 8 feet wide by 9 inches 
thick concrete, built in accordance with Section 430 of the State of 
Georgia Specification for Concrete Highways. The base material is graded 
aggregate, 8 inches thick, again following the Georgia Specification. 
Reinforcing steel bars were included in one-half of the test lane pave-
ment and small dowell bars were placed in the pavement section without 
reinforcing steel. Figure E-1 to E-3 are drawings of the reinforcing 
steel bar and dowell bar positions, the method used to support the bars, 
and locations for all steel bars are as indicated. 
To create the voids under the pavement surface, calibrated holes were 
dug and pieces of light weight foam were layed into the aggregate. The 
foam itself is invisible to the electromagnetic energy, and is used to 
keep the void areas intact during the pouring of the slab. The top sur-
face of the foam was level with the top surface of the aggregate. Figure 
E-4 illustrates the results of a survey of the void layout and Table E-1 
gives the details of the void sizes. Figure E-5 and E-6 are photographs 
taken during the construction phases of the test lane. 
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FIGURE E-6 
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Test Lane Measurements 
To facilitate the making of measurements, markings (small dots) were 
painted over the entire surface of the pavement in a 6 inch square 
grid. This insu~~d the repeatibility of positioning of the measurements 
as well as a method for cataloging measurement positions. 
Figure E-7 is a schematic diagram of measurements illustrated in 
Figures E-8, E-9, and E~1o. Figure E-8 is a plot of a sequential set of 
measurements for the position Set #1 indicated on the schematic 
diagram. These measurements were made at a temperature of 90°F. By 
visual inspection the void areas can be located. It is noted that the 
large return approximately one-third of the distance up the plot and 
close to the surface point in time, is the signal return from a saw-
cut/dowell bar combination in the pavement. The saw-cut over the dowell 
bars was made so that its effect on the signal return could be gaged. 
Although the void areas can be located by the trained operator, the 
micro-computer algorithm has difficulty recognizing the signal 
response. The lack of signal strength reduces the probability of 
detecting and correctly sizing a void. Many sets of measurements such as 
these were made at temperatures from 85°F to 100°F with the same results. 
The lack of signal strength returned from the void is directly attri-
butable to the moisture content in the concrete. But the moisture itself 
is not the key factor in the signal attenuation problem. More impor-
tantly is the temperature-moisture combination. From the information 
given in Appendix B with respect to attenuation, there can be a factor of 
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TEST LANE MEASUREMENTS SET #1 , 32°F 
E-12 
0 0 2 2 1 
4 9 6 1 9 
0 0 0 
6 6 5 
0 1 1 1 0 
9 4 2 1 8 
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TEST LANE MEASUREMENTS SET #1 , 50°F 
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In order to verify that the problem with the test lan~ measurements 
are related to the moisture-temperature combination, specific attenuation 
measurements were made. Table E-2 illustrates the measurement configura-
tion with the accompanying table listing the results. The return signals 
from a metal plate with and without a section of pavement over the metal 
plate were compared. The difference in signal levels relates directly to 
the attenuation of the pavement. Laboratory measurements were made using 
a dry reinforced block, a dry non-reinforced block, and a set non-
reinforced block all at a temperature of 78°F. 
measurements were made at a temperature of 100°F. 
Outside test lane 
The metal plate was 
inserted under the edge of the test lane by first digging out the base 
material slightly. As the table indicates there is a 12 dB (factor of 
"'16) increase in attenuation for the outside test lane measurements 
over that of the dry non-reinforced laboratory measurements. A better 
comparison of the effects of temperature only is to compare the wet 
laboratory measurement with the outside test lane measurement. For this 
case the moisture levels in both pavement sctions were very close. The 
resulting attenuation difference is 6 dB (factor of 4). Clearly the 
effects of a high temperature is a higher attenuation level and decrease 
in signal strength to a point where the micro-computer algorithms cannot 
detect and size the void. 
Figures E-9 and E-1 0 illustrate the results for processing measure-
ments made at temperatures of 32°F and 50°F. As is clearly indicated, a 
much different conclusion is drawn with respect to the validity of the 
location and sizing algorithms. 
E-3. 
Summary statistics are given in Table 
B-14 
PAVEHENT 
1/8" METAL PLATE 
I * SIR~ PAVEMENT TEMPERATURE MOISTURE ATTENUATION 
Dry 
78°F non-reinforced 5% 14 dB 12 dB 
Dry 
reinforced 78°F 5% 15 dB 10 dB 
Wet 
non-reinforced 78°F 11% 20 dB 7 dB 
TEST LANE 92°F go; 10 26 dB 1 dB 



























































Further research is suggested into the effects of temperature on 
signal strength. Both laboratory and outside measurements should be made 
to more fully substantiate currently available measurements and modeling 
information. Actual highway measurements should be made to verify the 
signal processing discrimination algorithms effectiveness under typically 




This appendix contains a listing of the software code implemented in 
the APPLE II PLUS microprocessor. The code is written in BASIC language 
for the most part, interspersed with machine language commands. It must 
be noted that this code is processor specific. Following the code is a 
flow chart linking identified pieces of code. Included after the flow 
chart is a definition of variables. 
F-1 
TABLE F-1 

















F'f.:INT CHRt ( 4 H "NOMON C, I Y 0"! TEXT ! HOI'iE 
GOTO 2000: REM MAIN PROGRAM 
REM !liSt\ I/0 
PRINT D$;"OF'EN ";FU>HIA$;SU" >D2": RETUF:i·~ : FI:El'1 !JPEN·-FILE 
PRINT Dt;ucLOSE ";FL$;DA$;SI: RETURN ! REM CLOSE-FILE 
PRINT D~;;"F~EAfl ";FL$HI;i1>;SI! F:ETUF:N t REr1 F:EAD-··FILE 
PRINT D$;~WRITE "iFL$;DAt;sr: RETURN : REM WRITE-FILE 
GOSUB 100: GOSUB 120! RETURN : REM OPEN-READ 
GOSUB 100! GOSUB 130! RETURN ! REM OPEN-WRITE 
REM 
REM TEXT/HIRES, PG 1/2 TOGGLES 
Tl = O:T2 ::: 0 
152 GET A$!A = ASC CA$) 
153 Al = NOT (A= 88 OR A= 90 OR A 84 OR A 71 OR~ 49 OR~ 50> 
154 IF A 90 THEN Tl Tl t 1 
155 IF A 88 THEN 
156 IF A 71 THEN 







T2 + 1 
1 
0 
158 IF A 49 OR A = 50 THEN T2 = A - 49 
159 IF A1 THEN T1 = O!T2 = 0 
170 Tl = (Tl I 2- INT (Tl I 2)) * 2 
171 T2 = CT2 I 2- INT <T2 I 2)1 * 2 
175 POKE - 16304 t (1- Tl),Q 
180 POKE - 16302 t (1- T2),0 
185 POKE - 16300 t T2,0 
190 POKE - 16298 t T1?0 
195 IF NOT A1 THEN 152 
197 RETUF:i·J 
198 REM 
199 REM VERTICAL t,LINES 21-24 
200 IF A < 0 THEN INVERSE 
205 A = ADS (A)! POKE - 16300,0 
210 HTAB TB: VTAB 21: PRINT INT (A/ 10) 
220 HTAB TB: PRINT IMT CA !NT (A I 10) * 10) 
230 HTAB TBt PRINT "•" 




300 REM GET AID~ AD=-1•0•1 
305 MM = DT: IF AD = 0 THEN MM ~ BS 
310 IF DS THEN PRIUT ! PRINT D$; .. BLOMt ";FLHDA$~SI;'·,A"1MM 
315 IF DS THEN 350 
325 I = PEEK (49328)! REM AID 
330 POKE MEMMOV t 9,MM / 256! roKE MEMMOV + 24,MM / 256 
340 CALL MEMMOV 
350 POKE SUBTRCT t 4,DT I 256! POKE SUBTRCT t J,BS i 256: POKE SUBTRCT t 12,SB 
256 
355 IF AD = 1 THEN CALL SUBTRCT 





GOSUB 500! REM PLOT REF 
IF A$ = "N" THEN 1300 
RETUF:N 
REM 
400 REM WAIT FOR K~Y 
F-2 
TABLE F-1 (continued) 
401 POKE - 16368,0 
402 IF PEEK < 163B4) < 128 THEN 402 
403 f<ETIJf~N 
498 REM 
499 REM SIG-PLOT 
500 HCOLOR= 3!C1 = 220 I MP:C2 
505 HGF~::.! ' 
520 FOR I = 1 TO NP 
530 PX = Cl *<I- 1) 
535 PY = C2 »: F'EEK ( MM t I > ' 
540 HPLOT PX,PY 
550 NEXT I 
!:J60 PX = 240 
565 HPLOT PX,l TO PX,150 
580 PY = 75 
585 HPLOT 23o,py TO 250,PY 
587 GOSUB 150 
150 / 255 
590 RETURN / / 
598 REi'i 
599 REM MIN/MAX VOID-~ET. 
600 DM = - 1000!DN lOOO:NN = NP - 20:TH = 10 
605 XF = OINF = 1 
610 FOR I = 50 TO NN 
620 DA% = 127- PEEK <SB t 1) 
630 IF DN < DAX THEN 650 
640 DN = DA%:IE = I 
650 NEXT I 
655 IF ABS C127- PEEK <SB +IE>>< TH THEN NF 0 
660 FOR I = IE TO NN 
670 DA% = 127- PEEK <SB t I> 
675 IF DM > DA% THEN 690 
680 DM = DA%!IM = l!XF = 1 
690 NEXT I 
700 IF ABS < 127 - PEE!< { SB + I?1}) < TH TiiEi"~ XF 0 
710 VD NF AND XF 
713 VTAB 15: PRINT SPC< 75) 
715 VTAB 15! HTriB 1: PFUNT "NIN::.:"iDN?"MAX="1DMin 
716 HTAB i: PF:INT "f'H '';IE:~" ;H "; Ht 
IlELTA=";IM - IE 
720 FIETUi;;N 
799 REM, 
800 REM SAVE SIGNATURES 
805 VTAB 1! PRINT 
810 PFUNT D$;"BS(i\.1E ";FL-t.1Df~~f>jSI;",A"~SB9'',L"iNP + 1 
820 RETUro:N 
898 HEM 
899 REM TIME-DIFF DET. 
900 VD = 0 
9Fj IF ( ( IM 
920 F~ETlmN 
999 h:[M 
IEl > 10 AND <IM- IE~ 
1000 REM QUERY-START 
1010 TEXT ; HOtlE 
1011 PF<I NT '' VOID DETECT IOU f'FWGI"\~)M '· 
1012 PF:INT 
1013 PRINT " GEOF:GUt INSTITUTE OF TECHNOLOGY" 
1014 PRINT 
1015 PRINT '' ENCil!EEF:HlG EXPEF<It~DH STtHIDN" 
1016 PRINT" "! PRINT" " 
l 
1020 F'F:INT "OLDn''-'EW Dt;Tr~ Or\ CJUIT'f (Q,N,Q) ": GET ,;t; FT.:IiH 
1025 IF A$ == ''0" THEN GOTD 12000 
1030 IF NOT < t.d> "0" OF: 1U == "N'') THEN 1010 
1040 DS O: a: (.d> "0'' T!-!EN I1S 
1050 PRINT "WHAT FILE NAME FO~ DATA GETS?" 
1051 INPUT "(UP TO 15 ClMr(~ )·-·· ;fL$: r:·RH~ f 
1052 IF FL$ = Joh THEN GOTO 1010 
1.060 IF DS THEN INF'UT "DATE !If; fi~ lJ;~S sf''JCD? ''; [!;~$ 
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TABLE F-1 (continued) 
1070 IF NOT DS THEN INPUT .. TODAY' S DATE'f ";I:t;;$ 
1071' IF DA$ ::: "" THEN GOTO 1010 
1150 HOME 
11~:.0 IF DS THEI·I SI = 127: GDSUD 140; nEii OPEN-F:Efi[l 
1170 INPUT "THICKNESS OF CEMENT? <INCHES) ";CL 
1180 IF DS THEN GOSUB 110:SI = 1: REM CLOSE-FILE 
118:::; IF DS THi::N :l.290 
1190 SI = 127: COSUB 141! REM OPEN-WRITE 
1200 PRINT CL 
1210 GOSUB 110: REM CLOSE-FILE 
1220 SI = 1 
1290 RETURN 
1298 F:Er1 
1299 REM GET REF. 
1300 TEXT : HOME 
1302 F'fUNT 
1303 IF ItS THEN INPUT " i FOR CAL. SIGN;;TLmE "~ SI 
1310 IF NOT DS THEN PRINT "POSITION RADAR FOR CAL. INPUTh 
1360 F'fUNT " .. : FF:INT II HIT SF'~!CE :r;.;;f;:•· 
1370 PRINT "TO GET REFERENCE SIGNATURE" 
1371 PRINT 
1372 PRINT h---SPACE BAR ACCEPT---" 
1373 PF~HH II ---N = F~E.jECT 1 SA11PLE t'iGAINI; 
1380 GOSUB 400~ POKE - 16368J0 
1385 AD = o: IF NOT DS THEN SI = 0 
1390 GOSU.B 300 
1410 MM = .BS! IF NOT DS THEN GOSUB 800: REM SAVE 
1420 f<ETURN 
1498 f<EM 
1499 REM DRAW-GRID 
1500 HGR : TEXT : HOME GOSUB 6000: GET A$ 
1505 HCOLOR= 3: VTAB 20: POKE 230,32 
1510 HPLOT o,o TO 279,0 
1511 HPLOT TO 279,159 
1512 HPLOT TO 0,159 
1513 HPLOT TO o,o 
1520 HPLOT Q,CL * 8 TO 279,CL t 8 










HPLOT 17158 TO I,l56 
HPLOT IP1 TO J,3 




l~:f.::i'i GET - 1)0 I D 
GOSU[i ,:)•:000 
FOR DC ~ 1 TO 39 







AD ~ l!SI DC: GOSUB 300 
MM ;::; OT: IF NOT DS TilEr~ 
GD;:)UB .::)00 
[F NOT VD THEN 1745 
GOSUB 900 
IF NOT VD THEN 1745 
GOGU:S 
1710 IF < Ii~ - IC .· 21 T;-~[(~ '.,1S ~ 3. S.: ( < It-~ IE; - 21. ; / 32. 
1720 IF CIM- IE) = 21 THEN GOSUB 3000 
1721 PF:INT D'.P "OPEN''; FLt ;r:A$; "Dr'H:'n L~:h D::"! fU::M OPEN D1'1 TA FILE 
1. 722 ID = ID ~· 1 
1723 FOR KD = 1 TO 5 
1724 F'FnNT Dt;•·wr<ITE";FL-Hftd:;•·D<iii'id<";( ID- 2) * 5 + t~D + 1 
1725 IF KD THEN PF:IrH !:iN 
1726 TF KD ~ HIE.N PHI:H IC 
1727' IF r~[! 3 THEN PRINT llt1 
1728 IF KD 4 THEN F'F<INT :M 
1729 IF I\[! ~ THEN PRINT '.1:"3 
1730 NEXT Kf! 
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TABLE F-1 (continued) 
1737 PRINT IHH"CLOSE"1FI3Htf\t~"DfHA"t F:C1 CLOSE Ii;~TA FILE 
1738 TB = DC:A = VS: GOSUB 200 
1740 TB DC 1: GOSUD 1000 
1745 TC = 30! REM THRESHOLD AT 30 
1750 POKE - 16297,0: POKE - 1630o,o: POKE 16301rO: POKE - 16304~0 
1755 VTAB 21: HTAB DC t 1: POKE 230t32 
1760 FOR I = 1 TO NP 
17 65 HCOLOF<:::: ~· 
1770 IF ABS PEEK t I) - 127 > TC THEN HPLOT <DC 1) i 7 + 4,I * 140 I 
220 
1780 NEXT I 
1787 GOSUB 4000 
1790 NEXT DC 
1793 GOSUB 1800 
1795 F\ETU!:;;N 
1798 F<EM 
1799 f{EM EXIT 
1800 TEXT t \JTt~B 18 : .. HTAB 1: FJ,..ASH 
1810 PRINT nSAVE PLOT? (Y,N) ~; 
1811 NORMAL ! GET A$ 












D$;"BSAVE "irL·HDA$;"PLT N="H:C- U",A$2000;L$1FFF'· 
D$f"BSAVE";FL$;DA$;"TEXT,A$400rL$40Ch 
D~;hOPEN";FL$;DAt;"DATA,L30,D2~: REM OPEN DATA FILE 



















1905 POKE - 16297,0: POKE 1630Ch0! f'Ol\E - 16301,0! F'Ol<E - 16304,01 VTAB 19 
: HTAB 1: POKE 230,32 
1910 FOR I = 1 TO VS ~ 8 
1920 HPLOT TB t 7 t l,CL ~ 8 t I TG TB 
1930 NEXT I 
1950 RETUf.:N 
1998 F:EM 
1999 REM MAIN PROCPAM 
2000 REM INSERT CODE HERE TO 
2001 REM f~LLO!.J CHI.JIC[ '1F FUN 
2002 REM OR LOOK AT ~CCUMCNTATION 
2100 GOSUB 10000! REM IN!T 
2150 GOSUS 11000 ~ t::EM LC'M) iiL-fWUTU!ES 
2200 GOSUD 1000~ REM 0UERY-START 
2250 GOSUB L300: REM ~ET-~EF 
2300 GOSUB 1500: REM DPAW-~~ID 
2400 GOS\JB .Lt'JOO ~ F:EM G:::T--')0 L!) 
2450 GOTO ;J:'CJO! ;;:Ei., ·if.::l,J r: \~ri, ::n r'<fn C1i.H~r,: 
3000 REM VOID-SIZE, AMPL. 
3010 DA = PEEK <SB tIE)- 127 
3020 AG (DA ~5) 1 40. 
3021 IF AG > 1. TH~N AG .9999 
3024 VS = 1.91 * ATN <AG I SQR (1- AC # AG}) 
3100 F:ETUI~:N 
4000 Tl = 1:T~ 0! GOSUB 1§2 
4010 IF ~~ < ASC ( "N") fdEN m::rc;:·.:N 
4015 TB = rrc - 1 
4020 HCOLOR= 0! GOSUD 1900 
4030 A= (DC- 1) * 7 + 4 
4040 HPLOT A· TO A,160 
4050 GOSUB 15 5 
4055 FOF< I= 1 TO :21~ iiT('F: T! ~!fAP DC: ;·;~:Ir:! '· ";: N[lT I 
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TABLE F-1 (continued) 
4056 VTAB 18! PRINT 
4060 DC = DC 1 
4100 RETUr<N 
6000 VTAB 1 
6001 IN 1v1ERSE : F'RINT "CAL. DATA"; 

















PRINT" ANY OTHER= ACCEPT"! PRINT 
INVERSE : PRINT "VOI~ DATA 0 









Q =QUIT N =DO NOT ACCEPTh 
T =TEXT G =Gf<AF'HICS" 
1 =PAGEl 2 =PAGE2a 
Z =FLIP TEXT/GRAPHICS" 
X =FLIP PAGE 1/2" 
ANY OTHER hEY TO CONTINUE'· 
REM INITIALIZE VARIABLES 
D$ ;:o;: CIHH ( 4 )tNF' = 220 
MEMMOV = 96 * 256:SUBTRCT 97 * 256 
DT 99 * 256 
BS = 100 * 256 
10050 SB = 98 * 256 
10060 ID = 1 
10999 RETUF:N 
11000 REM 
11001 REM LOAD MACH.LANG.ROUTINES 
11010 PF:INT D$ 7 "BLOAD MEMMO'h ;:'J" 1 MEMiiO~n" l' Di" 













TEXT : HOi"lE 
PRINT 
PRINT "VO!D DETECTION P~OGRAM 
PIUNT 







FIGURE F-1. BASIC DIAGRAM 
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NEW I OLD 
DATA CHOICE 
GET FILE TITLE & 





SAVE IF NOT 
OLD DATA 
+ 
r-----wo· QUERY - START END OF 
QUERY - START 
.... 
GET REFERENCE r 















39 TIMES OR LESS 
SAVE SIGNATURES 
FOR NEH DATA 




SET VOID SIZE 
PRINT VE1'\TICALLY 
PLOT VOID 




















































VARIABLES AND MEMORY LOCATIONS 
SET LOMEN TO PROTECT DATA FROM VARIABLES 
LOC OF MEMORY MOVER MACHINE LANG. ROUTINE 
LOC OF SUTRCI (SUBTRACTION} 
LOC OF SUBTRACTED DATA 
LOC OF A/D DATA (AFTER MOVE) 
LOC OF REFERENCE DATA 
NUMBER OF DATA POINTS PER SIGNATURE 
CNTRL-D FOR DOS COMMANDS 
DATA FILE NAME STRING 
DATA STRING FOR FILE NAME 
TEXT/GRAPHICS TOGGLING VARIABLES 
TEMPORARY VARIABLES (SEVERAL USES) 
DISK RETRIEVAL 








TABBING VARIABLE GENERAL 
HOLDS MEMORY LOCATIONS; 
A TEMPORARY VARIABLE 
A/D CONVERSION VARIABLE + SET AD = 0 1 1 
(0 = REF, 1 = DATA) 
HOLD X,Y VALUES FOR HIRES PLOT OF SIGNATURE 
MAX/MIN CO~~ARISON VALUES 
NP-20, END POINT OF MAX/MIN SEARCH 
MAX/MIN TEST THRESHOLD 
MAX,MIN BOOLEAN 
(0 = NOT FOUND, 1 = FOUND) 
INTEGER VARIABLE USED TO SCAN 
SIGNATURE 
VOID FOUDN BOOLEAN (0 = NO, 1 = YES) 
LOCATIONS ( 0 + NP) OF MAX AND MIN 













MEMMOV, moves data from A/D Loc. ($CIFF) to regular memory 
SUBTRCT, subtracts ref. data (BS) from A/D (DT} and stores in 

























OPEN TEXT FILE 
CLOSE TEXT FILE 
READ TEXT FILE 
WRITE TEXT FILE 
OPEN AND READ TEXT FILE 
OPEN AND WRITE TEXT FILE 
TEXT/GRAPHICS PAGE TOGGLE 
PRINT VERTICAL NUMBER (##.#) 
GET DATA SIGNATURES 
WAIT FOR KEYSTROKE (OBSOLETE) 
PLOT SIGNATURE 
MIN/MAX VOID DETECTOR 
BSAVE SIGNATURES 
TIME DIFFERENCE VOID DETECTOR 
QUERY-START 
GET REFERENCE SIGNATURE 
DRAW GRID 
SM{E MINUS INITIALIZATION] 











INSTRUCTIONS (TEXT PAGE 1) 
INITIALIZE VARIABLES 
LOAD MACHINE LANG. ROUTINES 
END PROGRAM 
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This report presents the results of a study that determined the feasibility of 
using pulsed electromagnetic wave (radar) technology for locating and measuring 
voids beneath reinforced and nonreinforced concrete pavements. The radar equip-
ment provides return signals from voids that have unique characteristics by which 
determination can be made of the location, depth, and shape of the voids. A 
microcomputer, directly connected to the radar equipment, provides a means of 
real-time processing to extract information from the radar return signal and record 
the results. Although the technology and equipment have been shown to be feasi-
ble for locating and measuring voids, the influence of high temperatures and 
moisture contents on return signals needs further study, and equipment develop-
ment should be pursued to provide the basis for units that are practical for field 
use. The findings of the study will be of particular interest to researchers of 
agencies involved in the construction and maintenance of pavements. The findings 
are also useful to individuals engaged in the electromagnetic wave technology 
field. 
Voids often develop over a period of years beneath portland cement concrete 
pavements and approaches to bridges, and at other locations such as joints, be-
cause of pumping, consolidation, subsidence, and erosion of the support material 
from beneath the pavement. An ability to locate voids by nondestructive surveys 
would permit replacement of support material before the development of pave-
ment distress and loss of structural qualities. The objectives of this research were 
to determine the feasibility and practicality of pulsed electromagnetic wave (radar) 
technology for locating and measuring voids beneath reinforced and nonreinforced 
concrete pavements and to identify or develop techniques for processing the 
radar's return signals. 
The Georgia Institute of Technology researchers adapted available radar 
equipment, originally developed for the detection of nonmetalic mines, for the 
location of voids beneath pavements. Mathematical models and algorithms were 
developed for analyzing return signals from pavements, base materials, and voids; 
and a microcomputer was selected for processing the data. The radar equipment 
and data processing system were then evaluated by laboratory controlled mea-
surements and field measurements conducted on a specially constructed outdoor 
test lane 72ft long by 8ft wide of 9-in. thick portland cement concrete, with and 
without steel, reinforcing over a dense-graded aggregate base. 
The findings of this study indicate that it is feasible and practical to use radar 
technology for locating and measuring voids beneath pavements, both reinforced 
and nonreinforced. It has also shown that the signal returns can be processed in 
the field by microcomputer with the resulting capability of longitudinal void loca-
tion within 6 in. and void depth determinations up to 8.5 in. with a standard 
deviation of less than 0.5 in. Temperatures above 70F limit the measurement 
capability of the equipment used in the study. Prior to extensive field use, the 
influence of environmental conditions, such as high temperatures, should be docu-
mented, and the equipment should be designed and built to withstand normal field 
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2 
CHAPTER ONE 
INTRODUCTION AND RESEARCH APPROACH 
An ability to locate voids beneath portland cement con-
crete (PCC) pavements by periodic nondestructive surveys 
would permit replacement of support material before the 
development of pavement distress and loss of structural qual-
ities. The primary objective of NCHRP Project 10-14 is to 
determine the practicality of using pulsed electromagnetic 
wave technology for locating voids beneath reinforced and 
nonreinforced PCC pavements up to 18 in. thick. A second-
ary objective is the identification or development of data 
processing techniques suitable for use with equipment that 
can be operated by field personnel and provide information 
on the parameters of voids beneath the pavement. 
Initial work on this project was directed towards obtaining 
the pulsed electromagnetic wave equipment that showed 
promise for accuracy, reliability, and economical application 
for locating and defining voids beneath pavement slabs. The 
research approach included an examination of existing 
pulsed electromagnetic wave equipment, signal processing 
hardware, and recording devices. 
After this initial work, attention was concentrated on the 
development of data analysis algorithms for processing the 
response signals from the pulsed electromagnetic wave 
equipment to enable identification of the location, depth, and 
shape of voids beneath pavements. The first step was to 
construct a mathematical model for the pavement/void/base 
configuration and a mathematical model for the electro-
magnetic wave equipment. The two models were then com-
bined and used to predict response signal characteristics. 
CHAPTER TWO 
FINDINGS AND INTERPRETATION 
MEASUREMENT AND PROCESSING EQUIPMENT 
The electromagnetic wave equipment chosen for measure-
ments on this project was a very short pulse radar. This radar 
has the required accuracy and reliability and can be con-
structed economically. The characteristics of the radar signal 
response from pavement containing voids will allow signal 
processing algorithms to recognize small variations related to 
void detection and identification. 
The equipment is mounted on a movable platform and 
This theoretical model was used as an aid to developing data 
processing algorithms that can be used to locate and identify 
void shape and depth beneath pavements. 
The final task on this project was the experimental evalua-
tion of the void detection pulsed electromagnetic wave 
equipment and data analysis procedures with regard to accu-
racy, precision, reliability, limitations, operational charac-
teristics, and environmental effects. Measurements were 
made in two phases. The first measurement phase was con-
ducted under laboratory controlled conditions using sections 
of PCC pavement, 9 in. thick with and without reinforcing 
steel, over various types of base materials, with both low and 
high moisture levels. In addition, voids were of various 
depths, both empty and filled with water. The second mea-
surement phase was conducted using a specially constructed 
outdoor test lane, 72 ft long and 8 ft wide, of 9-in. thick 
portland cement concrete over a dense-graded aggregate 
base. Calibrated voids of various sizes were surveyed in-
place before PCC was poured and reinforcing steel was 
placed in one-half of the test lane. 
The remaining chapters of this report include a brief de-
scription of the electromagnetic wave equipment, the data 
analysis procedures, and the results and interpretation of the 
measurements made in the laboratory and on the specially 
constructed outdoor test lane. The appendixes contain de-
tails of the work covering the electromagnetic wave equip-
ment selected, the theoretical modeling, the signal process-
ing algorithms, the laboratory measurements and results, and 
the test lane construction, measurements, and results. 
includes output devices that clearly display results in easily 
interpreted symbols. The system is totally portable and can 
be operated by a semiskilled person. A microcomputer is 
used to control two output devices: a video-screen display 
and a line printer. The radar signal response from the pave-
ment void is processed in an "on-line" fashion by the micro-
computer to extract information usable by the field personnel 
in determining void location, depth, and shape. Permanent 
recording of the radar signals is available automatically via 
magnetic disks attached to the microcomputer. Measure-
ment results for void detection are presented on the video 
monitor and the line printer. 
The radar system and the microcomputer were mounted 
on a cart that could be pushed to most locations for measure-
ment purposes. A complete description of the radar hard-
ware and the microcomputer is given in Appendix A. Figure 
1 is a block diagram of the system, and Figure 2 is a photo-
graph of the equipment mounted on the chart. 
VIDEO DISK LINE KEYBOARD 
DISPLAY RECORDING PRINTER 
Figure I. Block diagram of measurement system. 
Figure 2. Photograph of measurement system. 
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It is emphasized that the system described and used by the 
researchers for this study is not a fully operational highway 
version in that the equipment has not been exposed to the 
rigors of actual highway use. However, measurements pro-
vided by the radar equipment and the algorithms pro-
grammed on the microcomputer are identical to those desired 
in an operational system. 
A typical return signal waveform from PCC pavement with 
a void beneath is shown in Figure 3. The transmitted pulse is 
a single sinewave cycle of approximately 1 nanosecond 
(nsec) in time. It travels through a coaxial cable and is con-
nected to the antenna. The connector on the antenna causes 
a small reflection to be observed in the signal return. The 
signal travels through the hom-type antenna cavity and 
enters the air medium. The antenna itself is not perfectly 
matched to the air; thus, another reflection occurs at the end 
of the antenna. This reflection tends to be very distorted and 
large in amplitude. The signal that is propagated in air strikes 
the surface of the concrete, and only a very small amount 
penetrates. The majority is reflected, and appears as a replica 
of the transmitted pulse. Of the signal that does penetrate, 
some energy will be reflected by each subsequent interface. 
In the case of a "no void" situation a single small return will 
be present from the pavement-base interface. In the case of 
a void existing, two signals will be present. The time of 
occurrence and amplitude of those signals are the important 
parameters for void location and size determination. 
In the data measurements presented in this report only the 
time interval of the signal return around which a void typi-
cally will occur is processed and displayed (or plotted). 
THEORETICAL MODELING 
The development of a theoretical signal model was essen-
tial to the understanding of the problem of making measure-
ments of voids under pavement via radar. Transmission line 
theory provided the means for the model solution; the details 
are given in Appendix B. The mathematical algorithms 
derived from the study were programmed on the micropro-
cessor, and many simulated data sets were generated. 
The simulated data sets were anlyzed to extract signal 
characteristics unique to the void detection and identification 
process. In this process two important discriminants were 
identified, and they provide the theoretical basis for the 
signal processing techniques. For voids less than 2.5 to 3 in., 
there is primarily a change in the amplitude of the return 
signal. For voids larger than this a time difference measure-
ment is used; that is, measuring the time difference between 
the negative and positive peaks of the return signals from the 
void interfaces. 
Figure 4 shows a set of simulated waveforms from voids 
ranging in depth from 0 in. to 8.5 in. in 0.5-in increments for 
PCC pavement thickness of 5 in. 
The set of waveforms is plotted only around the actual time 
of void occurrence. Time t =0 signifies the surface of the 
pavement. The waveform that occurs at approximtely 2 nsec 
in the 0.5-in. to 8.5-in. traces is the reflection from the bottom 
of the pavement and top-of-void air-space interface and is an 
inverted version of the transmitted signal. The part of the 
signal that occurs at a varying time from 2.3 nsec. to 3.5 nsec 
is the return from the bottom of void air-space and base 
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interface. Where two signals interfere with each other, void 
depths 0.5 in. to approximately 3 in., an amplitude variation 
is visible. Beyond 3 in. the time difference is the key indica-
tor of void depth. 
The time scale for the data is linearly related to depth, but 
will be segmented dependent on the dielectric constant, €, 
through which the signal is propagating. In Figure 4, a depth 
scale is indicated at the top of the plot and is divided into two 
parts. The first part represents the time-depth scale through 
5-in. PCC pavement medium with €=6. The second part is 
scaled with respect to air, E'=l for the void. Thus, concrete 
thickness can be read directly as can void depth, with the two 
readings added to give depth to the bottom of void air-space. 
Beyond the bottom of void air-space reflection the air-time 
calibration is not valid. With this segmented time-depth rela-
tion in mind the plots in this report will be simply labeled in 
time only (nanoseconds), with the realization that in air-void 
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Figure 4. Simulated waveforms-void sizes 0 in. to 
8.5 in. 
If the variations of the time and amplitude are plotted 
versus void size, Figures 5 and 6 result. In Figure 5 the 
important area of the amplitude variation occurs between 0 
in. and 2.5 in. where a monotonically increasing relationship 
is evident. The time difference plot of Figure 6 shows a linear 
relationship with void size from approximately 3 in. and 
greater. 
SIGNAL PROCESSING 
The analog signal processing begins with detection of the 
large signa] waveform from the top surface of the concrete. 
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Figure 6. Time difference variation ofwaveforms. 
A timing window is started when the top surface of the con-
crete is detected and stopped after approximately 20 nsec has 
elasped. The signal response during the timing window repre-
sents the return from typical PCC pavement and the base 
material to a depth of at least 24 in. A portion of this signal, 
from the pavement surface to approximately 12-in. depth, is 
then digitized by an analog-to-digital converter and stored in 
a digital buffer that is accessible by the microprocessor. The 
actual measurement process is controlled by the operator via 
microprocessor commands; the operator can position the 
equipment over the area to be tested and designate when a 
measurement is to be made. 
The digital signal processing algorithms were synthesized 
from information provided by the theoretical modeling 
study. The specific discriminants used are the time between 
the negative and positive peaks and the amplitudes of those 
peaks. The computer algorithms search through the electro-
magnetic return signal and identify minimum and maximum 
values and their time of occurrence. If the amplitude exceeds 
a minimum threshold and time differences fall within pre-
scribed bounds, a void is said to exist. The time discriminant 
is then examined to determine if the void depth is greater or 
less than 3 in. If the void is less than 3 in., the amplitude is 
employed to obtain the void depth estimate. If the void depth 
is greater than 3 in., a time difference is used to directly gauge 
void size. 
A graphical representation of the void sizing algorithm is 
shown in Figure 7. In the first part of the algorithm the void 
size is based on the ratio of the negative peak to a calibration 
number. This number is determined by the operator during a 
set of preliminary calibration measurements. The procedure 
for calibration involves finding sections of pavement where 
voids are not likely to exist and making measurements. The 
signal return accepted for calibration at that time is used as 
a reference during the remainder of the measurements. The 
second part of the void sizing algorithm makes use of the time 
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algorithm. 
5 
turns from the concrete-void interface and void-base inter-
face, respectively. At approximately 3 in. and greater these 
signals have a time difference that is directly proportional to 
~he void size. Appendix C covers the details of the signal 
processing. 
The next step in the signal processing is to present the 
results on the visual display. Microcomputer software was 
developed to display the signal return from a particular mea-
surement, whether or not a void exists, and the size of the 
void if it exists. The information is also automatically saved 
for future use and can be typed out on a line printer for 
permanent recording. Various options were also incorpo-
rated to permit permanent visual recording of the signal 
waveform on magnetic disk. Post-processing software was 
developed to display a sequence of measurements and send 
the plot to the line printer for permanent recording. All of the 
plots of signal waveforms in this report were generated or 
processed by the microcomputer and subsequently plotted 
on the line printer. 
LABORATORY MEASUREMENTS 
The experimental evaluation of the void detection pulsed 
electromagnetic wave equipment and signal processing algo-
rithms was accomplished in two phases. The objective was to 
evaluate the accuracy, precision, reliability, limitations, 
operational characteristics, and environmental characteris-
tics of the equipment and processing algorithms. The first 
phase was conducted inside a laboratory under controlled 
environmental conditions. Test sections of PCC pavement 
approximately 43 in. by 43 in. by 9 in. thick, both reinforced 
and nonreinforced, were used. These test sections were 
placed over base materials of PCC, asphaltic concrete, 
dense-graded aggregate, and portland cement stabilized clay. 
Measurements were made as the moisture levels for the 
pavement section and the base material were varied. Voids 
were simulated by elevating the pavement section a mea-
sured amount above the base material. Figure 8 is a photo-
graph of a pavement section over the clay base; a 4-in. void 
is visible. Measurements were made for void depths ranging 
from 0 in. to 8.5 in. in 0.5-in. increments. These measure-
ments are shown in Appendix D. Some measurements were 
made for simulated voids partially filled with water. The 
findings indicate a definite agreement with the theory as to 
the variation in amplitude of the positive and negative peaks 
and in the time differential of the peaks. Thus, the discrim-
inant from the theoretical considerations were verified. In 
addition, the measurements provided the basis for verifying 
and refining the theoretical model. 
As an example of the results achieved, Figure 9 is a repre-
sentation of what the operator will see on the visual display 
after processing a set of measurements as given by Figure 4. 
A brief explanation of this figure is given here; the reader is 
referred to Appendix C for details. The horizontal axis repre-
sents a series of sequential measurements; in the case illus-
trated, 18 measurements were made. The vertical axis is 
calibrated in inches and information about the signal return 
and a void, if detected and sized, is represented. The esti-
mated size for the void is represented two ways: (1) by the 
length of a vertical bar, and (2) by the numbers read vertically 
downward at the bottom of the plot. The distance from the 
top of the plot to the horizontal line where the void bars begin 
6 
Figure 8. Laboratory measurement configuration. 
represents the concrete pavement, and below the line is base 
material. The narrow vertical lines visible above the void size 
bars represent areas of the signal return where the amplitude 
exceeds a threshold value. Currently this value is set just 
above the clutter or noise in the signal return, thus only the 
strongest signals are displayed. 
As indicated by the void bars, this is a sequence of increas-
ing size voids, and follows the signal sequence given in Fig-
ure 4. The signals were generated by simulation for voids of 
0 in. to 8.5 in. in 0.5-in. increments. The estimated depths, 
via the algorithms, are summarized below the plot. The mean 
and standard deviation for these estimates is J..t= -0.028 in., 
u=0.123 in. Additional plots are given in Appendix D for 
actual measurements on several base types. 
TEST LANE MEASUREMENTS 
The second phase of the experimental evaluation was con-
ducted on a specially constructed outdoor test lane repre-
sentative of a section of concrete highway. The test lane 
measures 72ft long, 8ft wide, and 9 in. thick. The test lane 
was constructed according to the Georgia Department of 
Transportation specifications using portland cement con-
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Figure 9. Synthetic display of measurement results. 
crete over a dense-graded aggregate base. Calibrated voids of 
various depths and shapes were surveyed in place before the 
concrete was poured. In one-half ofthe test lane, reinforcing 
steel was used. The voids were created by shaped pieces of 
lightweight foam, the foam itself being virtually invisible to 
the electromagnetic signal. 
Figure 10 is a photograph of the measurement equipment 
on the test lane, and Figure 11 gives an approximate layout 
for the voids beneath the pavement and the reinforcing bars 
in the pavement. Exact measurements resulting from the 
survey of the test lane are given in Appendix E. Measure-
ments on the test lane were made over the wide temperature 
range of 32 F to 100 F, which had a definite influence on the 
results of the signal processing algorithms. Moisture is also 
a critical element that can affect performance. Initially when 
measurements were made during the summer at tempera-
tures around 90 F, void indications were visible only to a 
trained operator. The microprocessor processing algorithms 
were not capable of the performance desired. Measurements 
subsequently made during the fall and winter seasons at 
temperatures down to 32 F produced excellent results. 
Figure 12, presented in the format of Figure 9, is the result 
of a set of processed measurements taken every 6 in. along 
a path through the center of voids as indicated in Figure 11. 
The void sizes that were estimated by the processing algo-
rithms are given both on the figure, as would be seen by the 
operator, and in Table 1. The results in Table 1 indicate 
void-size estimates with a J..t=0.09 in. and u=0.46 in. 
Figure 10. Test lane and measurement equipment. 
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Figure 12. Test lane measurements. 
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Figure 11. Test lane void layout. 
OPERATIONAL EQUIPMENT CONSIDERATIONS 
Several factors must be considered if this system is to be 
built for field operation. They include the efficient coverage 




The current radar unit has an effective signal (or pulse) per 
second output of 50 PPS. If one reading every 6 in. is used as 
a criterion, the unit has the capability of covering 25ft/sec or 
17.1 mph. Thus, the radar unit itself has a reasonable 
coverage/speed capability. The microprocessor is currently 
configured as a demonstration unit and processes only about 
one signal return every 5 sec. Indeed, even if efficiently 
written software codes were used, it is doubtful that any 
acceptable speed could be produced. Thus, a new, faster 
processor unit must be implemented. Identical operations to 
that used by the researchers would be programmed; the only 
difference would be speed of processing. Processors exist on 
the market today that have the desired capability. 
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Table 1. Void size estimates (except for columns 1 and 2, the 
data are in inches). 
VOID 'l'ES'l' LANE ACTUAL 
lt POSITION VOID SIZE 
14 10o I o.s 
14 69.5 1 o.s 
14 69. I o.s 
14 68.5 1 o.s 
14 68.0 1 o.s 
12 62.5' o. 
12 62. I 1. 0 
12 61.5' 1.0 
12 61. . 1.0 
12 60.5' 1.0 
12 60. . 1. 0 
10 54.5 1 o. 
10 54. . 2. 
10 53.5' 2. 
10 53. ' 2. 
10 52.5' 2. 














































Currently the antenna in use is effective over not more 
than a 2-ft width(± 1, 1ft). It is noted that the characteristics 
are slightly different in the length direction for an effective 
coverage of ±6 in. To completely cover a single highway lane 
at one time would require the use of multiple antennas. There 
appears to be no mechanical equipment problem posed by 
the mounting of multiple antennas in a side-by-side configu-
ration. There would be electrical considerations. The·anten-
nas would have to be sequentially pulsed with energy, and 
some of the signal background characteristics might change 
because of coupling of energy into adjacent antennas. At this 
time the researchers believe that the electrical changes pose 
no problem in interpreting the signal return from a void. The 
speed of highway coverage would remain the same (17 .I mph 
maximum) with multiple antennas. 
Environmental Factors 
Operational Equipment Configuration 
As currently configured the equipment is an experimental 
measurements system. None of the hardware has been ex-
posed to (nor was it expected to be) the rigors of highway use 
day after day. Both the radar unit and the microprocessor 
must be repackaged for that purpose. The actual repackaging 
of the equipment to withstand highway conditions, including 
environmental factors such as rain, snow, heat, and so on, 
does not pose any technical challenges. With the presupposi-
tion of this type of equipment availability the electrical char-
acteristics remain unchanged. The basic signal representa-
tion would be identical to what is presented in this report. It 
has been indicated by the researchers that spurious reflec-
tions from objects within 6 ft of the antenna can be a problem 
and must be minimized. The operational equipment configu-
ration, especially if multiple antennas are used, is critical if 
minimum reflection is to be realized. Techniques for this task 
exist and make the final operational hardware realizable with 
a minimum of additional experimentation. 
With the existing experimental measurements system 
some attempt was made to minimize these spurious reflec-
tions by simply eliminating causes. That is, objects were not 
allowed in the vicinity ( ± 6 ft) of the antenna while measure-
ments were being made . 
As a proof of concept demonstration, absorbing material 
was placed around the antenna at a standoff distance of 2 ft. 
This simple technique provided a significant reduction of 
unwarranted reflections, and would definitely be used in an 
operational system. 
Temperature and Moisture 
Although temperature and moisture are considered en-
vironmental factors, they have been singled out as having a 
critical effect on the signal characteristics. In fact, it appears 
at this time that if the temperature-moisture levels are too 
high, the equipment cannot be operated. This is the prime 
area that requires more study if an operational system is 
desired. Theoretical analysis indicates that attenuation of the 
electromagnetic signal varies with total moisture content and 
temperature. From the curves given in the theoretical ma-
terial in Appendix B, for 75 F temperature and 10 percent 
moisture, the attenuation is about 5 to 10 times as great as it 
would be for a temperature of 140 F and the same moisture 
level. Specific attenuation measurements were made both in 
the laboratory and on the test lane to verify that high tem-
perature measurement problems on the test lane are related 
to the moisture-temperature combination. Under the same 
moisture conditions, attenuation for measurements on the 
outdoor test lane at 100 F was a factor of 4 greater than 
attenuation for laboratory measurements at 78 F. Clearly, the 
effects of high temperature are a higher attenuation level and 
a decrease in signal strength to a point where the micropro-
cessor algorithms cannot detect and size the void. 
Reliability 
Over the period of this research effort, the radar and 
microcomputer have been extremely reliable. Only mini-
mal repairs and maintenance have been necessary. Highway 
use would require fastening components firmly to support 




CONCLUSIONS AND SUGGESTED RESEARCH 
The electromagnetic wave equipment chosen for the void 
detection and size measurement program provides excellent 
results. The signal response from the radar has the sensitivity 
and accuracy to allow application of signal processing algo-
rithms and to identify small variations related to the void 
detection problem. The equipment itself can be economically 
constructed and is suitable for highway operation with a 
minimum of modifications. 
The microcomputer connected to the radar processes the 
signal returns in an on-line mode and presents the results on 
a video monitor as well as on a line printer for a permanent 
copy. Magnetic disk provides permanent recording of the 
actual signal returns. 
The system, mounted on a movable cart, provides the 
portability needed for this research project. Its configuration 
permits operation by field personnel with a minimum amount 
of skill required. 
Further research concerning the equipment should consist 
of methods of protection from the environment and shock 
and vibration mounting. The microcomputer for application 
to rapid highway measurements should be updated for faster 
processing. 
The theoretical modeling affords a complete understanding 
of the void detection and sizing problem. It provides the basis 
for development of the discriminants necessary for the algo-
rithm development. The theory also provides a preliminary 
background for the attenuation effects of moisture and tem-
perature. 
A combination of analog and digital signal processing gives 
the timing signals necessary for the extraction of the portion 
of the radar signal return corresponding to the possible loca-
tions of a void. Digital signal processing algorithms devel-
oped for detecting and sizing the voids provide the capability 
for spatial void location to ±6 in. and depth sizing up to 8.5 
in. with a standard deviation of the error ofless than 0.5 in. 
APPENDIX A 
Calibration of the measurement process is easily accom-
plished by field personnel. 
The laboratory measurements afford a controlled environ-
ment for studying the radar signal interactions with voids. 
The controlled measurements also enable verification of the 
discriminants developed in the theoretical modeling. Several 
typical base materials under various moisture levels can be 
measured. Void depths from 0 in. to 8.5 in. in 0.5-in. incre-
ments were measured, and an extensive data base was ac-
cumulated for future use. Suggested future measurements 
should include special processing to show that the thickness 
of the concrete pavement and its dielectric constant can be 
estimated. Present measurements give an indication that this 
can be accomplished. 
The test lane measurements provided an opportunity to 
obtain data from a set of known calibrated voids under PCC 
pavement that closely simulated an actual highway situation. 
Measurements were made over a wide temperature range 
and results indicate that at high temperatures (e.g. 100 F) a 
large attenuation of the electromagnetic signal occurs. Mea-
surements made at less than 70 F resulted in excellent void 
location and sizing estimates. This result definitely indicates 
that environmental conditions, especially high temperature, 
limit the measurement capability. Thus, the optimum time to 
make measurements could be during the winter season, at 
low temperatures, when the attenuation is minimized. 
Further research is suggested into the effects of temperature 
on the signal strength. Both laboratory and actual highway 
measurements should be made to more fully substantiate 
currently available measurements and modeling information. 
Overall suggestions for additional research include pre-
liminary design of an operational high-speed processing sys-
tem, measurements in the laboratory and on the test lane on 
a continuing basis to completely document the effects of 
temperature, and actual highway measurements to verify ef-
fectiveness of the processing algorithms. 
MEASUREMENT AND PROCESSING EQUIPMENT 
As a result of research, the electromagnetic wave equip-
ment chosen most suitable for measurements on this project 
was a very short pulse radar. This radar has the required 
accuracy and reliability and can be economically con-
structed. The signal response from the radar has the char-
acteristics that will allow signal processing algorithms to rec-
ognize small variations related to void detection and identifi-
cation. 
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In order to have a totally portable system capable of being 
operated by a semiskilled person the equipment must have 
output devices that clearly display results in easily inter-
preted symbols and be mounted on a movable platform. To 
satisfy the first requirement, a microcomputer was used with 
video-screen display and a line printer for output. The signal 
response from the radar equipment is processed "on-line" 
by the microcomputer and provides information to field per-
sonnel for void location, depth, and shape. Permanent re-
cording of the radar signals is available automatically via 
magnetic disks attached to the microcomputer. Results for 
void detection are not only available on the video monitor but 
can be printed on the line printer. 
To satisfy the portable requirement, the radar system and 
the microcomputer are mounted on a cart that can be pushed 
to most locations for measurement purposes. A complete 
description of the radar hardware and the microcomputer is 
given in the following. 
RADAR HARDWARE 
Electromagnetic Wave Equipment 
The requirements for void detection and sizing necessitate 
the use of equipment of very high time resolution and usabil-
ity at short distances from the medium being measured. This 
translates into a requirement for an extremely short pulse of 
energy to be generated by the equipment. In order to actually 
transmit this energy into the medium a wide bandwidth, low 
loss, matched antenna must be used. The return signal from 
the medium being measured enters the antenna and must be 
detected. This requires a sensitive wide bandwidth receiver. 
The radar that satisfies these requirements and is used in 
these tests is an adaptation of the vehicle-mounted mine 
detection radar developed by the Calspan Corporation, Buf-
falo, N.Y., for the U.S. Army (MERADCOM, Ft. Belvoir, 
Va.) (A-1, A-2). The radar transmits pulses consisting of one 
cycle at 1 gigahertz (GHz) (i.e., a 1-nsec pulse width). Be-
cause 1 cycle of 1 GHz is a transient type of signal, a band-
width as much as 2 GHz is needed to prevent distortions of 
DC Error Vo 1tage 
Figure A-1. Radar block diagram. 
the signal. For the system in this project, this bandwidth is 
required only in the transmitter, antenna, and sampler. The 
wide bandwidth is not needed for the video sections because 
the periodic, real-time return signal is sampled and recon-
structed at a much lower frequency. Figure A-1 is a block 
diagram of the system, and the following paragraphs describe 
the figure in detail. 
Timing Generator 
The timing for the system is derived from a 15-megahertz 
(MHz) crystal controlled oscillator. This signal is divided 
down to produce all gating and trigger waveforms needed in 
the radar. In particulr, the timing generator produces the 
5-MHz signal that establishes the radar pulse repetition 
frequency (the number of pulses per second that are 
transmitted). 
Transmitter 
The transmitter can be divided into a short-pulse driver 
and avalanche pulse generator. The drive consists of a snap-
off step-recovery diode that generates a transition across a 
coaxial pulse forming network, thereby generating a short 
transition pulse. Amplification is achieved by a transistor 
operated in the avalanche mode for high-speed switching. 
The transistor output goes directly to the antenna. 
Antenna 
The antenna is of broadband design, working over the 
range from 200 MHz to 2 GHz in frequency. To obtain the 
low-frequency response, a transverse electromagnetic 
(TEM) horn was used which was not limited by low fre-
quency. To maintain the required wide bandwidth, the plates 
of the horn are flared and exponentially tapered with resist-
ive card loading on the ends. Because of this, there is little 
reflection of energy from the antenna into the receiver. In 
other words, the antenna has a very low-voltage standing 
wave ratio and most of the energy is transmitted into the 
medium. 
Sample Receiver 
The returning signal is sampled by a Schottky barrier diode 
that is strobed by a snap-off step-recovery diode at a 5-MHz 
rate. The periodicity of the received waveforms allows one to 
take individual samples from pulse-to-pulse in order to re-
construct the waveform over a longer time period, thereby 
decreasing the bandwidth requirements on the video and 
digital subsystems as shown in Figure A-2. To have samples 
at times differing from the transmit pulse, the 5-MHz signal 
to the sampler is delayed by voltage-controlled delay lines 1 
and 2. The control voltage for delay line 1 is a staircase 
waveform of 200 steps. Each voltage step causes the sample 
strobe to occur later on the waveform than the previous 
sample strobe. Because there are 200 steps, a sample is taken 
at 200 positions across the real-time waveform. At each of 
these 200 positions, 450 samples are taken and an integration 
is performed to increase the signal-to-noise ratio. Each volt-
age step moves the sample strobe out 92.5 picoseconds 
(psec) in range. Because there are 200 steps, the width of the 
sample window is 200 x 92.5 psec = 18.5 nsec. Comparing 
real-time waveforms to reconstructed waveforms, 18.5 nsec 
of real time corresponds to 18 milliseconds (msec) in recon-
structed time. The position of the sample window in range is 
controlled by delay line 2 via a voltage from the range 
tracker. 
Range Tracker 
The main function of the range tracker is to establish a 
fixed-time reference position for the surface return. Once 
this is established, all other video is referenced to this time. 
Video cannot be referenced to the transmit pulse because of 
the varying antenna height above the ground. If it were, the 
position in time of the void return would vary making detec-
tion difficult. The range tracker locks on the surface by ap-
plying an error voltage to delay line 2 that keeps the leading 
edge of the sample window locked to a point slightly behind 
the surface return. The void always remains at the same 
position within the window regardless of antenna height. 
Analog-to-Digital Converter with Buffer Storage 
The video information must first be converted into a digital 
REAL TIME WAVEFORM (periodic) 
Figure A-2. Periodic sampling (single sample/position). 
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format before it can be processed by the computer. That is 
the purpose of the analog-to-digital converter. Figure A-3 
shows sequential sampling that is used with the converter. 
The waveform can be represented by samples taken over 1 
cycle of the video waveform. The video is sampled and in 
real time, and each sample is converted to a digital word and 
stored in a buffer memory. Both loading and unloading of the 
buffer are under computer software control. 
MICROCOMPUTER 
The microcomputer chosen for the void detection system 
was built by APPLE Computer, Inc., Cupertino, Calif., and 
consists of the following components. 
Main Computer 
48,000 words of random access memory 
Keyboard interface 
BASIC and PASCAL language systems 
Video Display 
9-in. black and white 
Text and graphics modes of display 
Two Mini-Floppy Disk Drives 
5-in. floppy diskettes 
102,000 words of storage each diskette 
L"\ Video / ' 
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3 Intedace Cards 
Radar intedace-digitizes radar data 
Communications intedace-transfers data to/from the 
CYBER Facility printer intenace-line printer com-
munication 
Printer 
Capable of printing out data/program listings or graphics 
(plots); all the plots of actual or simulated data presented 
in this report were generated on the printer. 
APPENDIX 8 
THEORETICAL MODELING 
A theoretical mathematical model was developed for a 
concrete slab, an air void, and an underlying base material to 
evaluate their effect on impinging radar electromagnetic 
(EM) waves. These theoretical results can then be compared 
to the measurements taken with the short-pulse radar to as-
sist in interpreting the measured results. This appendix de-
scribes the details of the mathematical model development 
and the theoretical effects of void depth, spurious reflec-
tions, and concrete attenuation on the reflected EM waves. 
MATHEMATICAL MODEL 
The model of a concrete slab and its surrounding environ-
ment is shown in Figure B-1. The model was deliberately 
kept simplistic so that describing mathematics would be trac-
table. The source and receiver of the electromagnetic (EM) 
waves are located above the slab, and the waves are directed 
into the slab by an appropriate antenna. The EM waves are 
reflected by the slab sudace and dielectric discontinuities 
beneath the slab sudace. If there is no void beneath the slab, 
the only dielectric discontinuity beneath the slab sudace will 
be at the concrete-soil intedace and the incident EM waves 
will be reflected from it. If a void does exist, there will be two 
dielectric discontinuities beneath the slab sudace: the 
concrete-void intedace and the void-soil boundary. Each of 
these boundaries will reflect the incident EM waves. 
Consider for a moment the behavior of electromagnetic 
waves at the boundary between two media as shown in Fig-
ure B-2. The reflection coefficient, p, at the boundary is 
given by 
(B-1) 
where n 1 and n 2 are the wave impedance of medium 1 and 2, 
respectively. For a penect conductor, the wave impedance is 
zero; for a nonconducting, nonferrous medium such as dry 
soil or concrete, the wave impedance is 
REFERENCES 
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(B-2) 
where ILo is the magnetic permittivity of space, and E is the 
dielectric constant of the medium. If the wave impedance for 
free space (air) is denoted by 








where Er is the relative dielectric constant of the medium. 
Note that if medium 1 has a smaller relative dielectric con-
stant than medium 2, p has a negative value. On the other 
hand, if medium 1 has a larger relative dielectric constant 
than medium 2, p is positive. 
Consider the situation where a void is not present beneath 
the concrete slab, as shown in Figure B-3. Also, assume the 
transmitted pulse (the amplitude variation of the EM waves 
with time) is of the shape shown in the same figure. How 
should the radar returns from the air-concrete and the 
concrete-soil intenaces appear? The concrete has a dielec-
tric constant greater than that of air; thus, p at the 
air-concrete intedace has a negative value. If the soil is 
moist, its dielectric constant will be greater than that of con-
crete and p at the concrete-soil intedace will also be nega-
Incident Reflected 
l t Medium 1{ 
Mcdlumt{w-~~~~~~ 
Reflection Coefficient = 1/El - V'E2 
vE1 + IIE2 
E = Relative Dielectric Constant 
Figure B-1. Con-
crete slab and en-
vironment. 
Figure B-2. Behavior 
of EM waves at a 
dielectric boundary. 
tive. Thus, the radar return will appear as shown in Figure 
B-3. Assuming the concrete-soil boundary is far enough 
below the slab surface so the two reflected pulses do not 
overlap, each of the returns should appear as the inverse of 
the transmitted waveform as illustrated. If the soil is very 
dry, its dielectric constant may be smaller than that of con-
crete. Then the radar return from the concrete-soil boundary 
will be the same polarity as the transmitted waveform. 
Extending this simplified analysis to the case where a void 
(air gap) between the concrete slab and the soil base does 
exist, the reflected EM waves (radar returns) are as shown in 
Figure B-4. Because the dielectric constant of concrete is 
greater than that of air, the reflection coefficient at the 
concrete-void interface is positive. However, the reflection 
coefficient at the void-soil interface is negative. Thus, the 
reflected pulses from these two boundaries are of different 
polarities as shown. 
The time separation between the pulses from the top and 
bottom of the void is proportional to the depth of the void in 
the direction of the incident EM wave propagation. Because 
the radar is positioned so the incident EM waves travel per-
pendicular to the concrete slab surface, the time separation 
between pulses is proportional to the void thickness. The 
relationship between an air-void depth, d, and pulse separa-
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5.9 
where C 118.0288 x 108 in./sec. 
(B-6) 

















Figure B-3. Behavior of EM waves at air-concrete 
and concrete-soil boundaries. 
a pulse length of about 1 nsec. Thus, the void depth must be 
greater than 5. 9 in. if the reflected radar pulses from the 
concrete-void and void-soil interfaces are not to overlap in 
time. Most of the voids expected are much smaller than 
5.9 in. Thus, the radar returns from the top and bottom of the 
void will overlap. Because the two pulses are of different 
polarities, they will tend to subtract, producing a particular 
pulse shape that may be much different from the ones shown 
in Figure B-4. In addition, the amplitude of the composite 
pulse will vary depending on the time separation between the 
two pulses. The amplitude will tend to be proportional to the 
time separation and, hence, the void depth. This is one prop-
erty of the radar return that can be used to estimate void size. 
Another consideration that complicates the prediction of 
what one should expect the radar return to be is multiple 
reflections, as shown in Figure B-5. In Figure B-5(a), multi-
ple reflection of the EM waves between the top and bottom 
faces of the concrete slab is shown. Some of the incident 
radar energy is reflected back and forth between faces. Each 
time, some of the energy is returned towards the radar re-
ceiver, yielding a returning pulse of energy. However, if the 
distance between the concrete slab faces is greater than 
5 ·9 ~.. r;--t in., or approximately 2.4 in. for dry concrete, 'V €concrete 
the pulses do not overlap and each reflection is easily iden-
tifiable. 
Multiple reflections between the air-void faces, as shown 
in Figure B-5(b), combine and must be considered, however. 
Because the distance between air-void faces is much less 
than 5.9 in., the pulse returns resulting from multiple re-
flections do overlap and each contributes to the composite 
pulse return. The individual contribution can be calculated. 
Also, each succeeding reflection is smaller than the preced-












Figure B-4. Behavior of EM waves at concrete-air and 
air-soil boundaries. 
EFFECT OF VOID SIZE 
An approximate mathematical expression for the compos-
ite radar return, s(t), due to single and multiple (3) bounces 
between void faces is as follows: 
(B-7) 
Where: 
X(t) = transmitted pulse; 
p1 reflection coefficient at the concrete-void interface; 
p2 = reflection coefficient at the void-soil interface; and 
T = time delay the radar pulse experiences in traveling 
across the void and back. 
This expression was programmed on a digital computer 
and the composite reflected waveform calculated and 
plotted. The radar return pulses are shown in Figure B-6. In 
this figure, void depth was varied and soil dielectric constant 
was selected to approximately match the measured data. The 
concrete relative dielectric constant for dry concrete was 
determined by radar measurements to be about 6.0 and the 
road base approximately 12. 
On examining the plots shown in Figure B-6, one notes that 
both the negative and positive peaks of the reflected EM 
wave increase in magnitude as the void depth increases. 
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Figure B-5. Multiple reflections between (a) slab faces 
and (b) void faces. 
However, when the void depth is larger than about 2 in., the 
peak amplitude of the returning EM wave starts to diminish. 
For void depths of 3 in. and larger, the pulse amplitude 
appears to be independent of void size. This behavior of the 
returning EM waves can be explained by realizing that void 
depths of 3 in. or greater produce returning pulses that tend 
to be nonoverlapping and, thus, signal interference does not 
occur. The amplitude of the positive peak is plotted in Figure 
B-7 as a function of void size in inches. Note that the ampli-
tude of the positive peak varies in almost linear fashion for 
void depths less than 2 in. For void depths between 2 and 3 
in., the amplitude of the peak starts to decrease, and for void 
depths 3 in. or larger the amplitude is somewhat independent 
of void size. The amplitude of the negative peak as a function 
of void size is plotted in Figure B-8. Note that the behavior 
of the negative peak is very similar to that of the positive 
peak just described. 
Another measure of void size is the time separation be-
tween the EM reflection from the top of the air void and the 
EM reflection from the bottom of the air void. A plot of the 
separation between the largest positive going peak and 
the largest negative going peak as a function of void size is 
shown in Figure B-9. In this figure, note that the time separa-
tion between these two pulses varies linearly with void size 
only for void depths of 3 in. or larger. For void depths less 
than 3 in., there is virtually no change in the time difference 
as a function of void size. Thus one concludes from Figures 
B-7 through B-9 that the pulse amplitude can be used to 
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Figure B-6. Theoretical radar time responses (identical time responses shown in two plot 
formats). 
estimate void size for voids of 2 in. or less and that the time 
separation between returning pulses can be used to estimate 
void sizes of 3 in. or more. However, it appears that void 
depths between 2 and 3 in. present a problem. There is a 
slight slope to the curve in Figure B-9 for void depths less 
than 3 in. It may be that one can use the combination of the 
curve in Figure B-9 with the curves in Figures B-7 and B-8 to 
estimate void sizes between 2 and 3 in. 
The initial value of the amplitude plots shown in Figures 
B-7 and B-8 changes with the type of road base. This varia-
tion or change is shown in Figure B-1 0 for three different 
types of road bases (dense-graded aggregate, portland ce-
ment stabilized clay, and asphaltic concrete). Note that only 
the portion of the curve for void depths of 2 in. or less 
changes with road base type. The net effect is that the pro-
portionality constant between the pulse amplitude and the 
void size changes with road base type. If the road base type 
is known a priori, one can select the proper proportionality 
constant and estimate void size based on the amplitude of the 
returning EM pulse. Road base type does not have any effect 
on the estimation of void sizes of larger than 3 in. because the 
time separation between the returning pulses is not a function 
of this variable, but is dependent only on the air-void size. 
EFFECTS OF SPURIOUS REFLECTIONS 
In any radar system, there are spurious reflections that can 
mask the signals of interest. In the short-pulse radar system 
used in this project, the interference resulting from spurious 
reflections limits the performance of the system. To recog-
nize radar returns from air voids underneath concrete slabs, 
the returns must be large enough to exceed the interference 
level caused by reflections. To understand this limitation, it 
is important to know why these spurious reflections are gen-
erated and what steps one may take to reduce them. In Fig-
ure B-11, the short-pulse radar is shown in its environment. 
As indicated, the transmitter/receiver is attached to an an-
tenna that is suspended in the air above a highway con-
crete slab. The transmitter/receiver is connected to a cable 
via a connector, and the cable is attached to the antenna via 
a connector. Connector joints in this cable create spurious 
reflections. Also, the interface between the antenna and 
the air represents a discontinuity and radar reflections are 
generated. In addition to the concrete slab and road base, 
other discontinuities generating reflections are obstacles that 
are laterally displaced from the radar; for example, the mo-
bile cart on which the radar is mounted. Other obstacles that 
may generate spurious reflections are personnel in the vicin-
ity of the radar or perhaps nearby vehicles and other such 
obstacles. 
The time that it takes an electromagnetic pulse to traverse 
an electrical circuit, such as a cable or antenna, is equal to the 
physical length of the circuit divided by the velocity of the 
electromagnetic wave within the circuit. For microwave 
cables with air dielectric, the velocity of EM waves is ap-
proximately the speed of light. Thus the time it takes waves 
to travel from one end of the cable to the other is its physical 
length divided by the speed of light. The velocity of EM 
waves through an antenna structure, such as the one used 
with the short-pulse radar, is much slower than the speed of 
light. The exact delay time through the antenna is not known, 
but is considerably more than that associated with its length. 
Of course, the transit time of EM waves through air is equal 
to the distance they travel divided by the speed of light. The 
transit time through concrete depends on the amount of 
moisture in the concrete. The dielectric constant of dry con-
crete at these frequencies is approximately six. Thus, the 
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Figure B-10. Amplitude ofpeakfor various types of 
road bases. 
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in the concrete slab is the thickness of the slab divided by the 
velocity of the waves through the slab. The velocity of EM 
waves through concrete is approximately the speed of light 
divided by the square root of the relative dielectric constant. 
The reflections in the antenna cable place an attenuated 
replica of the slab return at about the same time as the void 
return, thus interfering with the void return. Other paths that 
provide interfering signals in the time period of interest are 
suggested in Figure B-12. In Figure B-12, the presence of 
interference caused by spurious reflections is shown by the 
solid curve and the signal that one may expect from a void is 
indicated by the dashed line. It is fairly obvious that if the 
void return is attenuated and is small, one may have difficulty 
in distinguishing it from the interference signals. Thus, it is 
necessary that the void amplitude be several times larger 
than the largest interference signal amplitude in order to 
differentiate between the two. The ratio of these two signals 
is called the signal-to-interference ratio (SIR). The SIR 
should be at least 4 or greater in order to properly detect the 
presence of an air void. In the next section of this appendix 
the sources of signal attenuation will be addressed. As indi-
cated in that section, the major source of attenuation only 
attenuates the void signal and does not have much of an 
effect on the interference level. Thus the void signal may be 
reduced in size comparable to that of the interference level. 
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Figure B-II. Radar environment-electrical lengths ofva-
rious EM wave paths. 
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Figure B-12. Void signal in the presence of interfer-
ence caused by spurious reflections. 
EFFECTS OF ATTENUATION 
The effects of attenuation on the void return signal is three-
fold. As mentioned previously, the attenuation reduces the 
returning signal relative to the interference level and thus the 
SIR may be insufficient for proper void detection. Another 
effect of attenuation is to lengthen the pulse so as to distort 
the return signal. A third effect is to reduce the peak-to-peak 
amplitude of the returning signal and thus make it difficult to 
estimate the size of the void based on amplitude. Because of 
these reasons, it is important to understand the effects of 
attenuation and how it comes about and under what condi-
tions it exists. In this section attenuation factors for various 
types of materials as a function of moisture will be reviewed 
and presented. 
The major source of attenuation in this application is the 
concrete slab positioned on the road base. Radar return 
signals from beneath the road base are not of interest. Thus, 
in this discussion, attenuation characteristics of the concrete 
block is of paramount importance. Unfortunately, very little 
information on the attenuation characteristics of concrete at 
the frequency of the short-pulse radar seems to be available. 
However, some inferences can be made based on existing 
data. 
Attenuation characteristics of materials are very much 
dependent on the frequency of the electromagnetic energy 
impinging on it. Therefore, a discussion of the radar fre-
quency of operation is necessary. The temporal signal gen-
erated by the radar transmitter is approximately that shown 
in Figure B-13 (a). The frequency spectrum of this trans-
mitted signal is calculated to be that shown in Figure B-
13 (b). The antenna frequency characteristics will modify 
this spectrum somewhat. However, because the antenna is 
very wideband, it does not significantly alter the spectrum 
shown. Most of the energy in the transmitted signal is located 
between the ''one-half power'' frequencies. These frequen-
cies are defined where the voltage spectrum is down 0.707 
from the peak value. For the spectrum shown, these frequen-
cies are approximately 0.4 and 1.2 GHz with a mean of about 
0.8 GHz. Thus, the attenuation characteristics of concrete 
over this frequency band are of major interest. 
The at~enuation of EM waves in a dielectric material is 
given by 
Attn = e-ax 
where 
a = (2nf/c) ~ ta7] a; 
f = frequency; 
c = velocity of light; 
Er the relative dielectric constant; 
tan a the loss tangent; and 
(B-8) 
x = the distance EM waves travel through the dielectric 
material. 
The attenuation in decibels (dB) per inch of two-way travel 
is given by 
Attn (dB/in.) = 2.31 X t0-9 fEr tan a (B-9) 
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Figure B-13. Temporal and spectral responses of trans-
mitted waveform. 
dielectric properties that contribute to a material's attenua-
tion characteristics: the relative dielectric constant and the 
loss tangent. Tables of these two characteristics for a large 
variety of materials exist (B-2, B-3, B-4). However, usually 
they are. given for widely separated discrete frequencies 
(e.g., 0.3 and 3.0 GHz). The value of these parameters be-
tween these frequencies appears not to be available for many 
materials. Dielectric properties for a few materials have been 
measured in the frequency range of interest over a con-
tinuous range of frequencies. For example, the relative 
dielectric constant and loss tangent of Goodrich clay has 
been measured and is given in Figures B-14 and B-15 for two 
different temperatures. Similar information for concrete over 
a range of temperatures and moisture conditions is highly 
desirable, but apparently not available. One paper (B-4) dis-
cusses concrete but not in the frequency range of interest for 
this application. The dielectric constant and loss tangent for 
a frequency of 3.0 GHz (A = 10cm) is indicated in Figures 
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Figure B-14. Loss tangent of Goodrich clay, water, and 
hardened cement paste. 
attenuation has been calculated using the information in Fig-
ures B-14 and B-15 and is shown in Figure B-16. Note that the 
signal attenuation value shown for hardened cement is about 
half that of clay at 3.0 GHz. Whether this is true at all fre-
quencies is not known. 
Hoekstra and Delaney (B-3) indicate that many types of 
soils are characterized by a ''dielectric relaxation'' at certain 
frequencies. The dielectric constant decreases with increas-
ing frequency and the dielectric loss factor (loss tangent) 
goes through a maximum at a certain frequency. They indi-
cate that the relaxation observed can be attributed to the 
presence of bound water in soils. In comparing the relaxation 
of water in bulk and soil water, it is observed that the fre-
quency of maximum dielectric loss in soils is displaced to a 
much lower frequency than in bulk water; typically between 
0.3 to 1 GHz for soil water compared to 22 GHz for bulk 
water. Also, the frequency of maximum loss is dependent on 
temperature. These effects are clearly illustrated by the 
curves shown in Figures B-14 and B-15 for the Goodrich 
clay. In general, lower temperature yields a lower attenua-
tion and a higher frequency of maximum loss. Apparently, 
the so-called "bound water" consists of a thin layer of water 
molecules intimately bonded to polar sites in the host 
medium. This bonding reduces the rotational polarizability of 
the water molecules and thus lowers their relaxation fre-
quency (B-5). 
It is suspected by the authors of this report that the same 
effects of moisture ou concrete can be observed. In sum-
mary, there is more information on moist soils than on moist 
concrete at the frequencies of interest. For the purpose of 
this discussion on theory, it will henceforth be assumed that 
moist concrete behaves in the same manner as moist Good-
rich clay. It is also postulated that concrete at lower tem-
peratures (e.g. freezing) will exhibit considerably lower 
attenuation in the same manner as moist Goodrich clay. This 
observation becomes significant when trying to interpret 
some of the measured data collected on this project. 
The effect of the attenuation on the radar return from an air 
void under a concrete slab is threefold as indicated earlier. 
First, the signal-to-interference ratio (SIR) is reduced. For 
example, the signal attenuation through a 10-in. slab of con-
crete with the loss characteristic postulated in Figure B-16 is 
about 8 dB at 24C (one-halfthe value for clay at 0.8 GHz). If 
the moisture content or the temperature is reduced, this loss 
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Figure B-15. Relative dielectric constant of Goodrich 
clay, water, and hardened cement paste. 
decreases dramatically. For example, if the temperature is 
below freezing, the attenuation through 10 in. of material is 
about 2 dB. If the concrete is relatively dry, the attenuation 
has been observed by the authors at much smaller values. As 
indicated earlier, most of the interference signals do not 
travel through the concrete slab and, therefore, do not ex-
perience this attenuation. Thus, the attenuation being dis-
cussed directly reduces the SIR, and thereby reduces the 
ability to distinguish void signals from interference signals. 
Another effect of attenuation is to corrupt the estimation of 
void size if the void is less than 3 in. where peak signal values 
are used in the estimation. For larger void sizes, the attenua-
tion does not directly affect the estimation. 
A third effect of attenuation on the radar return from an air 
void is to distort the shape of the returning signal, making it 
more difficult to recognize. In Figure B-16, note that high 
frequencies in the band of interest are attenuated more than 
the low frequencies are attenuated. Thus, the spectrum of the 
radar return is distorted causing the radar signal itself to be 
changed. The general effect is to make the spectrum nar-
rower in bandwidth and, thus, make the radar returning 
signal of longer time duration. However, this effect is not as 
serious as the attenuation of signal amplitude. The signal is 
likely to be attenuated below the interference level before 
any major distortion of signal shape can be observed. 
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Figure B-16. Two-way attenuation vs. frequency for 
Goodrich clay soil with 10% moisture at two tempera-
tures. Attenuation for hardened cement paste at 3 GHz 
is indicated by an asterisk. 
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APPENDIX C 
SIGNAL PROCESSING 
ANALOG/DIGITAL HARDWARE PROCESSING 
The analog signal processing involves the detection of the 
large signal return from the top of the surface of the pave-
ment. This is accomplished by an electronic hardware sec-
tion called the ''range tracker.'' Once the time of the surface 
return is established, all other video timing is referenced to 
that point for the hardware functions. This has been done so 
that small random movements of antenna height above the 
ground do not affect the signal return timing for void detec-
tion. With the top of the pavement surface established as a 
fixed-time reference, voids will appear within a fixed-time 
interval after the reference time. 
From this reference point a timing "window" is initiated. 
The signal is allowed to pass through for subsequent process-
ing for approximately 20 nsec (20X I0-9 sec), relating to an 
equivalent distance in air of approximately 10 ft. This time 
(20 nsec) in a medium such as concrete, e = 6, is modified by 
the dielectric constant so that approximately 4 ft are avail-
able for processing. It is noted that this is only a result of 
timing conditions in the analog processor. The radar signal 
return before application of the window represents a distance 
of approximately 100ft in air, or 30ft in average soil. With 
the analog signal windowing applied, the available depth is 
limited. 
A portion of the analog signal in this timing window is then 
digitized by an analog-to-digital converter and stored in a 
digital buffer memory. The buffer memory is accessed by the 
microcomputer under program control, and, thus, the signal 
return is now represented by a set of numbers that can be 
further processed by the software program in the micro-
computer. The actual time at which a set of samples is digi-
tized and put into the microcomputer memory is under direct 
operator control. A command is issued to the microcomputer 
by the operator and the sampling process is initiated. Thus, 
the operator can position the radar equipment over the spe-
cific area to be tested and designate when a measurement is 
to be made. The amount of signal currently digitized and 
stored is approximately equivalent to a 2-ft depth. 
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DIGITAL SOFTWARE SIGNAL PROCESSING 
Any manipulation of the radar signal return can be con-
strued as "signal processing." Therefore, everything that 
occurs within the microcomputer related to the signal falls in 
this category and needs explanation. For this reason this 
section has been divided into two parts: the first detailing the 
signal processing related to the theory of finding and sizing 
voids; and the second describing secondary manipulations of 
the signal return. These secondary manipulations do not ex-
tract information but include such processing functions as 
display and storage of the signal. 
Signal Processing Related to Theory of Finding 
and Sizing Voids 
Listing of Processing 
1. Calibrate signal return using reference waveform. 
2. Identify local minimums and maximums in the signal 
return. 
3. Locate the smallest minimum and largest maximum and 
test for "threshold" crossing. 
4. Test for time difference between the selected smallest/ 
largest peaks; estimate void size if time discriminant is 
applicable. 
5. Test for amplitude values; estimate void size using 
amplitude. 
Description 
1. The signal return from the concrete-base media has a 
significant amount of interference or clutter amplitude per-
turbations. In an attempt to "normalize" or remove the in-
terference a ''reference'' signal return is recorded from an 
area where no void is likely to exist. This reference is sub-
tracted directly from all subsequent measurements. Only 
perturbations from the reference signal are thus processed 
for void location and sizing. The clutter perturbations remain 
essentially fixed over the extent of the concrete pavement. 
Changes occur in going from a nonreinforced section to a 
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reinforced section if thickness changes drastically or 
temperature-moisture content varies significantly. In these 
cases, a new reference signal must be recorded. 
2. The identification of the minimum and maximum peaks 
of the signal return is the first step in void detection. As 
indicated in the theoretical modeling there is a reflection 
from the bottom of the pavement-void interface and another 
reflection from the void-base interface. The size of the void 
determines the timing of the two signal reflections. Even 
under no void conditions there will exist a signal reflection if 
the base material is not identical to the pavement material, 
but this should be minimal because of the subtraction of the 
reference. A sequential search is made through the signal and 
all local minimum and maximum values are stored along with 
their time of occurrence. 
3. From the theoretical modeling it is known that if a void 
is present, a large negative amplitude peak occurs first fol-
lowed by a large positive amplitude peak. As a result, the 
algorithm initially searches through the list of minimum 
values and picks the largest negative amplitude as the can-
didate. Then the algorithm searches for the largest positive 
peak occurring after the negative amplitude occurrence. The 
resulting output is now the amplitude and time of occurrence 
for the largest negative peak and the largest positive peak 
following the negative peak occurrence. The amplitudes are 
then compared to a minimum acceptable amplitude called the 
"threshold." If the values fall below this threshold there is a 
high probability that the minimum and maximum pair chosen 
does not represent the location of a void. This threshold 
value has been computed based on laboratory measurements 
to give reliable void detection and identification of size. 
4. As described in the theoretical modeling, the time dif-
ferential between the identified peaks is a measure of void 
size, especially for voids larger than 3 in. Thus the algorithm 
checks this time differential. If the value exceeds the nominal 
value for a 3-in. void, the void is sized by that time differen-
tial. If the time is less than the nominal value for a 3- in. void, 
the determination of void size is passed on to the amplitude 
discrimination. For actual signal returns from voids there is 
a minimum value for the time differential, and the algorithm 
checks to see that the minimum is exceeded. This prevents 
random noise ·spikes from being detected as voids. 
The time between data samples being processed is 0.026 
nsec. In terms of the time difference in these units, the void 
size is estimated by 
Void size (inches) = (0.026)·(5.9014402)·Time difference 
with the constraint that the time difference is greater than 19 
time units or data samples. This establishes the switch point 
at 3 in. 
5. On the basis of the theoretical modeling and with cali-
bration biases developed during laboratory measurements, 
the amplitude discrimination algorithm looks at the negative 
peak values to size a void less than 3 in. Experience with 
laboratory measurements has shown that the negative peak 
value yields the best results. 
In terms of the amplitude units in the microcomputer for 
the data samples, the void size is estimated by 
V 'd · (' h ) 6 . 1 [Peak negative amplitude] 01 stze me es = - sm-
7T Calibration number 
with the constraint that the time difference is less than or 
equal to 19 time units. 
Secondary Manipulations of Signal Return 
Listing of Processing 
1. Transfer data from buffer memory to microcomputer 
memory. 
2. Transfer data from microcomputer memory to magnetic 
disk memory. 
3. Display data and plot on the video unit. 
4. Print data out on the line printer. 
Description 
1. The signal return that has been digitized by the analog-
to-digital converters is stored in a temporary buffer memory. 
The digitizer samples the signal return every 0.013 nsec. In 
concrete, this is approximately equivalent to 0.03 in. This 
memory is not easily used for normal microcomputer opera-
tions, and a special retrieval algorithm was written so that the 
signal data are accessible. The algorithm transfers up to 512 
8-bit binary words from the buffer memory to the computer 
memory. 
2. At the option of the operator, signal returns can be 
automatically transferred from microcomputer memory and 
stored on permanent magnetic diskettes. The algorithm 
transfers up to 512 8-bit binary words from microcomputer 
memory to disk. 
For the detection and sizing of voids it was determined that 
only a sampling of every other point was needed to accu-
rately represent the signal return. In addition, the total length 
of 512 points was deemed unnecessary because the area or 
time for a signal return from a void should appear much 
sooner than the 400th point. Thus, every other point, for the 
first 440 points, was chosen for transfer, making the total of 
220 points available. This represents approximately 1.15 ft of 
depth in concrete. When 9 in. of concrete is assumed, the 
signal return is composed of a portion through the concrete 
and the remainder through the void (air). The resulting signal 
return processed (220 points) thus represents 9 in. of con-
crete and approximately 12 in. of void possible below the 
concrete-a total depth of just under 2 ft. It is important to 
realize that this is simply a function of user chosen param-
eters.lfthicker concrete pavement is involved or more depth 
is desired, only timing parameter changes are necessary. No 
limitations are placed on the signal processing or void sizing 
algorithms because of the chosen timing parameters. 
3. Several display options are available to the operator at 
any time during the data processing sequence. The first is the 
actual digitized signal return. The second is the numerical 
information about the minimum and maximum amplitudes 
and time difference values of the signal. The third is the 
"synthetic" void location and sizing display, which is the 
primary information display for the operator. This display 
illustrates both numerically and graphically the void location 
and· size results for each measurement. The display is labeled 
''synthetic'' because of the representative graphical indica-
tions of concrete pavement thickness and void size. Figure 
C-1 shows the display with annotations for explanation. The 
results obtained from the signal processing through the 
amplitude-time discriminant algorithms are directly shown 
on the display. 
4. At any point in the measurement process, a permanent 
hard-copy of the results can be obtained. All the necessary 
data have been stored on magnetic disk and can also be 
printed at any time in the future. The software programs 
involved can plot 220 points for a single return, and the 
multiple option can plot up to 17 returns on the same video 
display and obtain a hard-copy. 
APPENDIX D 
LABORATORY MEASUREMENTS 
The experimental evaluation of the void detection pulsed 
electromagnetic wave equipment and signal processing al-
gorithms was accomplished in two phases-the objective of 
the experimental evaluation being to quantify the accuracy, 
precision, reliability, limitations, operational characteristics 
and environmental characteristics of the equipment and pro-
cessing algorithms. The first phase was conducted inside a 
laboratory under controlled environmental conditions. (The 
second phase was conducted on a specially constructed out-
door test lane, and is discussed in Appendix E.) 
Test sections of portland cement concrete (PCC) pave-
ment approximately 43 in. by 43 in. by 9 in. thick, both 
reinforced and nonreinforced, were used. These test sections 
were placed over base materials of PCC, asphaltic concrete, 
dense-graded aggregate, and portland cement stabilized clay; 
and measurements were made. Moisture levels were varied 
both for the concrete top section as well as the base material. 
Voids were simulated by elevating the top concrete section 
a measured amount above the base material. 
Actual measurements were made for void depths 0 in. to 
8.5 in. in 0.5-in. increments. Some measurements were made 
simulating voids filled with water. The findings indicate a 
definite agreement with the theory as to the variation in 
amplitude of the positive and negative peaks and in the time 
differential of the peaks. Thus, the discriminants from the 
theoretical considerations were verified . In addition, the 
measurements provided the basis for calibration of the theo-
retical modeling. The calibration involves a bias for differing 
base materials. 
"'~~p line represents the top 
of the pavement 
._.s" narrow lines indicate signal 
strength is high enough to cross 
an average clutter level threshold 
the middle line is the 
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bottom of the pavement /1. 
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proporitional to the length of the bar 
···"·· .if cii 'i·-'-:~· · ":! ·"~; ·' ~;·'·s .... ....... c .. ...... ... i ..... .:.. .... : ..... L .... L. .... : ..•.. L .... i ...... , .............. .... · ·"· "···· ........ ......... " .. . ~ . .•.. .. ...... ·.-..... ... ~ .. . 
. . . . . . . ·.S if a void is located the numerical 
1 8 5 1 0 1 5 2 value from the void size algorithms is displayed 
up to 39 positions can be displayed 
and the data and the plot are stored on disk 
Figure C-1. Synthetic display for measurements. 
In the following discussion the details of the laboratory 
measurements and results are given. The design and con-
struction of the test sections of concrete pavement, base 
sections, the methods used to obtain voids between the pave-
ment and base sections, and methods for calibration are 
detailed. Extensive plots are included covering all measure-
ments made, including nonreinforced and reinforced con-
crete sections. The analysis of the measurements and the 
resulting tables for void sizing are included. 
PAVEMENT AND BASE DESCRIPTION 
Four base forms were constructed from wood, all with 
dimensions of 43 in. by 43 in. by 12 in. The base forms were 
filled with portland cement concrete (12 in. deep), asphaltic 
concrete (8 in. deep), dense-graded aggregate ( 10 in. deep), 
and portland cement stabilized clay (12 in. deep). Three 
pavement forms were constructed from wood, all with inside 
dimensions of 43 in. by 43 in. by 9 in. These forms were all 
filled with portland cement concrete, one having reinforcing 
steel. So that the pavement sections could be moved easily, 
eye bolts were included in the corners. A hoist was also 
constructed to accommodate the movement of the concrete 
pavement sections. All materials and construction methods 
followed as close as possible State of Georgia Construction 
specifications. 
VOID SIMULATION 
Measurements were made by placing one ofthe PCC pave-
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ment sections on top of a selected base section. Voids were 
created by elevating the top section using exact-sized wood 
blocks. The wooden blocks themselves do not interfere with 
the radar signal return from the voids. Complete sets of 
wooden blocks were made such that voids from 0 in. to 8.5 
in. in 0.5-in. increments could be created. 
CALIBRATION 
The pulsed electromagnetic wave equipment must be ad-
justed at the beginning of each day to ensure that a consistent 
set of measurements can be obtained from day to day. In 
addition, fine tuning may be required if there are large tem-
perature changes during the measurement time period. To 
make this calibration as easy as possible a calibration test 
fixture was constructed. Figure D-1 shows the configuration 
for this fixture. The fixture contains special light weight ab-
sorbing foam and a metal plate. The foam absorbs some of 
the electromagnetic energy, thus decreasing the return from 
the metal plate. This calibration fixture is very light weight 
and provides a consistent reference for the equipment. So 
that a very consistent set of measurements could be obtained 
in the laboratory controlled conditions, the calibration fix-
ture was used as a check between each void size change. This 
procedure is not necessary under normal operating condi-
tions; only an initial calibration is needed. 
PLOTTED MEASUREMENTS 
Figures D-2 to D-5 show the results of measurements for 
void depths 0 in. to 8.5 in. in 0.5-in. increments over all four 
types of base materials. The PCC pavement section used did 
not contain reinforcing steel. Figures D-6 to D-9 show the 
same measurements of voids using the steel reinforced pave-
ment section. 






Overall Dimensions: 18" x 18" x 18" 
Figure D-1. Calibration fixture. 
1" Absorbing foam 
10" Lightweight foam 
7" Lightweight foam 
a sequence of signal returns for void depths 0 in. to 8.5 in., 
in 0.5-in. increments, with each signal return sequentially 
offset for clarity. This type of plot facilitates comparisons 
between signals as the void size increases. By examining this 
figure the differences in the signals become evident, espe-
cially the time deviation of the most positive amplitude peak. 
The second plot is of the time difference actually measured 
by the microcomputer between the largest negative ampli-
tude peak and the largest positive amplitude peak. By ex-
amining this figure it can be seen that this curve follows the 
theoretical modeling quite accurately. Similarly it can be 
seen that in the neighborhood of 3 in. a slope change occurs. 
It is in this area of a steeper slope that reliable void sizing can 
be accomplished. The remaining two plots illustrate the lar-
gest negative amplitude peak value and the largest positive 
amplitude peak value respectively. These plots also follow 
the theory very closely, the steepest slope occurring in the 
void size areas less than 3 in. 
In all cases, the plots with and without reinforcing steel can 
be compared in the area of the void and be found to be almost 
identical. This clearly indicates that the reinforcing steel has 
only a minimal effect on the signal response from the void 
and is not a potential problem area. There is a difference in 
the signal returns in the area where the steel rod occurs. This 
result indicates that the electromagnetic wave equipment can 
definitely detect and locate reinforcing steel. 
In all of the foregoing measurements the pavement sec-
tions and the base material were kept as dry as possible, 
being exposed only to inside laboratory temperatures and 
humidity levels. Voids themselves were kept empty. This set 
of measurements represents an excellent verification of the 
theoretical modeling. The data for the cases of PCC and 
asphaltic concrete, dense-graded aggregate, and stabilized 
clay base materials were put through the signal processing 
software for void location and sizing. The results for the PCC 
base are shown in Figure D-10 for the synthetic displays; 
they are also given in Table D-1 along with a mean and 
standard deviation computation for the error in estimation of 
void size. The results for the other base materials are not 
shown because they were almost identical to that of the PCC 
base. 
Figures D-11 and D-12 are plots of signal returns from 
selected void sizes for wet PCC and stabilized clay base 
sections. Two moisture levels were used, the second being 
considered very wet, and by comparison no significant signal 
changes are observed. In addition, comparison with the dry 
measurements yielded no significant differences. For this set 
of measurements it is important to remember that only the 
base materials were wet. When the top pavement sections 
have a higher moisture level attenuation of the signal results. 
It is concluded that as long as the high moisture levels are 
confined to the base materials no degradation in performance 
for locating and sizing voids beneath pavement occurs. 
Figure D-13 plots signal returns for the situation indicated 
in the diagram. For this case, the void was represented by a 
12 in. by 12 in. by 2 in. thick piece of foam set in the aggregate 
base material under soaking wet conditions. The pavement 
section on top did not have reinforcing steel. The measure-
ments plotted were made by sequentially moving the equip-
ment across the block in 2-in. increments. This situation 
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Figure D-6. Laboratory measurements, reinforced pavement, portland cement concrete base. 
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Figure D-11. Measurements with wet PCC base. 





















Figure D-13. Void location simulation-wet base. 
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Table D-1. Results summary for PCC base. 
Error: J.l = o. 14", a= 0.18" 
POSITION VOID 
tf: SIZE ESTIMATE ERROR 
o.o 0.1 +.1 
2 o.s 0.6 +.1 
3 1. 0 1.3 +.3 
4 1.5 1.8 +.3 
5 2.0 2.4 +.4 
6 2.5 3.0 +.5 
7 3.0 3.2 +.2 
8 3.5 3.4 -.1 
9 4.0 3.9 -.1 
10 4.5 4.6 +.1 
11 5.0 5.0 +.0 
12 s.s 5.7 +.2 
13 6.0 6.3 +.3 
14 6.5 6.3 -.2 
15 7.0 7.0 +.o 
16 7.5 7.7 +.2 
17 8.0 8.3 +.3 
18 8.5 8.6 +.1 
ment with wet base conditions. The indication is that the 
signal returns decrease in strength at the edges of the void. 
At greater than 4 in. from the edge of the void, the signal no 
longer indicates a void. 
Figure D-14 shows measurements of a selected set of void 
sizes with 0.5 in. of water filling the bottom of the void. The 
base material was clay and the pavement section did not 
contain reinforcing steel. The water itself has a very high 
reflection coefficient, thus a larger magnitude return is ob-
served for the positive peak. Also, because more energy is 
reflected, less is transmitted through the water and the top of 
the clay base is not obviously visible. The table included in 
Figure D-14 lists the time and amplitude discrimination re-
sults for these measurements. As indicated by the table, the 
discrimination algorithm was in error by -0.5 in. for void 
size, exactly the depth of the water. This result is expected 
because the large return from the water masks the true void 
bottom. Only if a void is totally filled with water is it possible 
to obtain a return from the bottom, thus making a void size 
estimate possible. 
All measurements inside the laboratory thus far have been 
with dry portland cement concrete (PCC) pavement sections. 
In order to obtain background data on the effects of moist 
pavement conditions, one of the sections was heavily soaked 
with water. Table D-2 summarizes the results of attenuation 
measurements made for both wet and dry pavement sections. 
The units of comparison are decibels; if a value of 10 dB 
attenuation is observed, only one-tenth of the signal strength 
is available. The wet block clearly attenuates the signal a 
significant amount, and in some cases will eliminate the pos-
sibility of seeing voids. Another measure of system perfor-
mance is the amount of signal strength returned from a void 
Table D-2. Laboratory attenuation measurements (78°F). 
PAVH1ENT MOISTURE ATTENUATION SIGNAL-TO- INTERFERENCE RATIO 
Dry 
Non-reinforced 5% 14 dB 12 dB 
Dry 
Reinforced 5% 15 dB 10 dB 
Wet 
Non-reinforced 11% 20 dB 7 dB 
as compared to the noise or miscellaneous signal returns. 
Such measurements have indicated a ratio of 20 dB or 
approximately 100 times greater signal than noise is possible 
under dry conditions. Significant attenuation will decrease 
this ratio, and the minimum ratio with which the microcom-
puter signal processing algorithms can produce reliable re-
sults is approximately 8 to 10 dB. 
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Figure D-14. Measurements -void partially filled with water. 
APPENDIX E 
TEST LANE MEASUREMENTS 
The second phase of the experimental evaluation was con-
ducted on a specially constructed outdoor ''test lane'' which 
is representative of a section of concrete highway. The test 
lane measures 72ft long, 8ft wide, and 9 in. thick. Georgia 
Department of Transportation specifications were used in its 
construction; portland cement concrete over dense-graded 
aggregate base. Surveyed in-place before concrete was 
poured were calibrated voids of various depths and shapes. 
In one-half of the test lane, reinforcing steel was used. The 
voids were created by shaped pieces of light weight foam, the 
foam itself being virtually invisible to the electromagnetic 
signal emitted. 
Several sets of measurements were made over the test lane 
with the main variable being temperature. Initial measure-
ments were made at lOOF and results were very poor. Voids 
were visible; that is they could be located, but only by the 
trained operator. The magnitude of the signal return was not 
large enough for the microprocessor to be able to positively 
detect. This lack of signal strength is directly attributable to 
the moisture content in the concrete. The attenuation of the 
electromagnetic signal varies with total moisture content and 
temperature. 
Later measurements made at temperatures from 32F to 
70F produced signal levels that resulted in void location and 
sizing via the microprocessor algorithms. Results verify the 
discriminants developed. 
In the following, the details of the test lane construction, 
which include a description of the voids and how they were 
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created, is given. The measurements made on the test lane 
are illustrated and results discussed. Conclusions regarding 
the effects of moisture and temperature are given, and future 
research and measurements are suggested. 
TEST LANE CONSTRUCTION 
The test lane pavement is 72ft long by 8ft wide by 9 in. 
thick portland cement concrete, built in accordance with 
Section 430 of the State of Georgia Specification for Con-
crete Highways. The base material is dense-graded ag-
gregate, 8 in. thick, again following the Georgia Specifica-
tion. Reinforcing steel bars were included in one-half of the 
test lane pavement and small dowel bars were placed in the 
pavement section without reinforcing steel. Figures E-1 to 
E-3 are drawings of the reinforcing steel bar and dowel bar 
positions; the method used to support the bars and locations 
for all steel bars are as indicated. 
To create the voids under the pavement surface, calibrated 
holes were dug and pieces of light weight foam were laid into 
the aggregate. The foam itself is invisible to the electro-
magnetic energy, and is used to keep the void areas intact 
during the pouring of the slab. The top surface of the foam 
was level with the top surface of the aggregate. Figure E-4 
shows the results of a survey of the void layout and Table E-1 
gives the details of the void sizes. Figures E-5 and E-6 are 
photographs taken during the construction phases of the test 
lane. 
Re1nforc1ng Bars 
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Figure E-3. Chair supports. 
Table E-1. Void sizes. 
VOID LENGTH WIDTH VOID SIZE 
NUMBER (in.) (in.) (;I')) 
1 48 48 wedge, 0-6 
2 24 24 6 
3 6 6 6 
4 24 24 2 
5 6 6 2 
6 36 24 1 
7 48 48 wedge, 0-6 
8 24 24 6 
9 6 6 6 
10 24 24 2 
11 6 6 2 
12 24 24 1 
13 6 6 ~ 
14 24 24 L ~2 -
. -- - . __ .. _____________ , __ , .•. ~- -·----- ---·--,.,.....---
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Figure E-5. Photograph of test lane layout. 
Figure E-6. Photograph of test lane during concrete pouring. 
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TEST LANE MEASUREMENTS 
Markings (small dots) were painted over the entire surface 
of the pavement in a -6-in. square grid to ensure the repeat-
ability of positioning of the measurements as well as to serve 
as a method for cataloging measurement positions. 
Figure E-7 is a schematic diagram of measurements shown 
in Figures E-8, E-9, and E-10. Figure E-8 is a plot of a 
sequential set of measurements for the position set 1 indi-
cated on the schematic diagram. These measurements were 
made·at a temperature of 90F. The void areas can be located 
by visual inspection. It is noted that the large return, approx-
imately one-third of the distance up the plot and close to the 
surface point in time, is the signal return from a saw-
cut/dowel bar combination in the pavement. The saw-cut 
over the dowel bars was made so that its effect on the signal 
return could be gaged. Although the void areas can be 
located by the trained operator, the microcomputer algo-
rithm has difficulty recognizing the signal response. The lack 
of signal strength reduces the probability of detecting and 
correctly sizing a void. Many sets of measurements such as 
these were made at temperatures from 85F to 1 OOF with the 
same results. 
The lack of signal strength returned from the void is di-
rectly attributable to the moisture content in the concrete. 
But the moisture itself is not the key factor in the signal 
attenuation problem. More important is the temperature-
moisture combination. From the information given in Appen-
dix B with respect to attenuation, there can be a factor of 10 
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Figure E-8. Test lane measurements, set 1, 90F. 
""""''·-:-···:· .. : ............. ; _____ ; ___ :.~---= 
0 0 0 
5 7 7 6 
0 I I 1 I 0 
64964 6 
Figure E-9. Test lane measurements, set 1, 32F. 
0 0 2 2 I 
4 9 6 1 9 
6 6 5 9 4 2 I 8 9 I 8 5 7 
Figure E-10. Test lane measurements , set 1, 50F. 
In order to verify that the problem with the test lane 
measurements was related to the moisture-temperature com-
bination, specific attenuation measurements were made. 
Table E-2 shows the measurement configuration with the 
accompanying results. The return signals from a metal plate 
with and without a section of pavement over the metal plate 
were compared. The difference in signal levels relates di-
rectly to the attenuation of the pavement. Laboratory mea-
surements were made using a dry reinforced block, a dry 
nonreinforced block, and a wet nonreinforced block--all at 
a temperature of 78F. Outdoor test lane measurements were 
made at a temperature of 100F. The metal plate was inserted 
under the edge of the test lane by first digging out the base 
material slightly. As indicted in the table, there is a 12 dB 
(factor of ~ 16) increase in attenuation for the outside test 
lane measurements over that ofthe dry nonreinforced labora-
tory measurements. A better comparison of the effects of 
temperature only is to compare the wet laboratory measure-
ment with the outdoor test lane measurement. For this case 
Table E-2. Attenuation comparison. 
PAVEMENT 
l/8" METAL PLATE 
I 
SIR& PAVEMENT TEMPERATURE MOISTURE ATTENUATION 
Dry 
non-reinforced 78°F 5% 14 dB 12 dB 
Dry 
reinforced 78°F 5% 15 dB 10 dB 
Wet 
non-reinforced 78°F 11% 20 dB 7 dB 
TEST LANE 92°F 9% 26 dB 1 dB 
* dB 10 X signal ratio) 
APPENDIX F 
SOFTWARE 
This appendix contains a listing (Table F-1) of the software 
code implemented in the APPLE II PLUS microprocessor. 
The code is written in BASIC language for the most part, 
interspersed with machine language commands. It must be 
33 
the moisture levels in both pavement sections were very 
close. The resulting attenuation difference is 6 dB (factor of 
4). Clearly the effects of a high temperature is a higher atten-
uation level and decrease in signal strength to a point where 
the microcomputer algorithms cannot detect and size the 
void. 
Figures E-9 and E-10 show the results for processing mea-
surements made at temperatures of 32F and 50F. As is 
clearly indicated, a much different conclusion is drawn with 
respect to the validity of the location and sizing algorithms. 
Summary statistics are given in Table E-3. 
Further research is suggested into the effects of tempera-
ture on signal strength. Both laboratory and outdoor mea-
surements should be made to more fully substantiate cur-
rently available measurements and modeling information. 
Actual highway measurements should be made to verify the 
signal processing discrimination algorithms effectiveness 
under typically varying road conditions. 
Table E-3. Results summary for test lane, 32F, 50F. 

















32°F, mean error= 0.2", standard deviation 0.38" 


















noted that this code is processor specific. Following the code 
are flow charts linking identified pieces of code (Figs. F-1 
through F-4). Definitions of the variables are included in 
Tables F-2 and F-3. 
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Table F-1. Software code listing. 
21 F'ot'~E 33 ~ 40 
25 LOMEM: 102 * 256 
40 PRINT CHRS C4)J"NOMON c,r,o": TEXT : HOME 
50 GOTO 2000: REM MAIN PROGRAM 
99 REM DISK I/0 
100 PRINT Ds;"OPEN ";FLS;DAt;si;",D2": RETURN : REM OPEN-FILE 
110 PRINT D~>;"CLOSE ";FLSHif~MSI: F~ETUf<i-.J: REM ·cLOSE-·FIL.E 
120 PRINT D~;;"f;:EAft "9FLSHH~1dSn F:ETLJF:N t F:EM READ-··FILE 
130 PRINT D$;"WRITE ";FL$;DAs;sr: RETURN : REM WRITE-FILE 
140 GOSUB 100: GOSUB 120! RETURN : REM OPEN-READ 
141 GOSUB 100: GOSUB 130: RETURN : REM OPEN-WRITE 
148 REM 
149 REM TEXT/HIRES, F'G 1/2 TOGGLE3 
150 Tl = O!T2 = 0 
152 GET A•:A = ASC CAS) 
153 Al = NOT CA = 88 OR A 90 OR A 84 OR A ~~OR A 49 OR A 50) 
154 IF A 90 THEi-~ T1 T1 + 1 
155 IF A BS THEN T2 = T2 + 1 
156 IF A 71 THEN Tl = 1 
157 IF A 84 THEN T1 = 0 
158 IF A 49 OR A = 50 THEN T2 = A - 49 
159 IF Al THEN Tl = O!T2 = 0 
170 Tl = <Tl I 2- INT CT1 I 2>~ * 2 
171 T2 = <T2 I 2- INT <T2 I 2)) * 2 
175 POKE - 16304 t C1 - Tl ),0 
180 POKE - 16302 t (1- T2>,0 
185 POKE - 16300 + T2,0 
190 POKE - 16298 t T1,0 
195 IF NOT A1 THEN 152 
197 RETUF\i'i 
198 REM 
199 REM VERTICAL t,LINES 21-21 
200 IF A < 0 THEN INVERSE 
205 A = ABS (~): PQKE - 16300,0 
210 HTAB TB: VTnB 21: P~INT INT (A I !0) 
220 HTAB TB! PRINT INT <A INT CA I 10) ~ 10) 
230 HTAB TB: PRINT "•" 




300 REM GET n,D, AD=-1,0,1 
305 MM = DT! IF AD = 0 THEN MM ~ BS 
310 IF DS THEN PRINT: PRINT Dt;hBLOAD u;FL$~DAt;sr;h,Ah;MM 
315 IF DS THEN 3~0 
325 I = PEEK (493~8}! REM AID 
330 POKE MEMMOV + 9rMM I 256! rOKE MEMMOV + 24rMM I 256 
340 CALL MEMMO',,! 
350 POKE SUBTRCT t 4,DT / 256: POKE SUBTRCT + 7,BS i 256: POKE SUBTRCT + 12,SB I 
256 
355 IF AD = 1 THEN CALL SUBTRCT 
360 MM = SB: IF f~D = 0 THEN riM ::-: I::S 
365 GOSUB 500: REM PLOT REF 
375 IF A$ = "N" THEN 1300 
385 RETUF:N 
399 REM 
400 REM WAIT FOP k~Y 
Table F-1 Continued 
401 POKE - 16368,0 
402 IF PEEK ( - 16384> < 128 THEN 402 
40..3 RETIJHN 
498 REM 
499 REM SIG-PLOT 
500 HCOLOR= J:Cl = 220 I NP:C2 
505 HGR:.;! 
520 FOR I = 1 TO NP 
530 PX = Cl *<I- 1> 
535 PY = C2 * PEEK CMM +I> 
540 HPLOT px,py 
550 NEXT I 
560 PX = 240 
565 HPLOT PX•1 TO PX,150 
580 py = 75 
585 HPLOT 230,PY TO 250,PY 
587 GOSlJB 150 
590 RETURN 
598 REM 
599 REM MIN/MAX VOID-DET. 
150 I 255 
600 DM = - lOOO:DN = 1000:NN = NP - 20:TH = 10 
605 XF = O:NF = 1 
610 FOR I : 50 TO NN 
620 DAX = 127- PEEK CSB t I> 
630 IF DN < DA% THEN 650 
640 DN = DAX:IE = I 
650 NEXT I 
655 IF ABS <127 - PEEK <SB t IE>>< TH THEN NF 0 
660 FOR I = IE TO NN 
670 DAX = 127- PEEK <SB t !) 
675 IF DM > DA% THEN 690 
680 DM = DA%:IM = I:XF = 1 
690 NEXT I 
700 IF ABS <127- PEEK <SB tIM>>< TH THEN XF- 0 
710 VD = NF AND XF 
713 VTAB 15: PRINT SPC< 75> 
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715 VTAB 15: HTAB 1: PRINT "MIN="fDN,"MAX=";DMf" 
716 HTAB 1! PF:I!H "AT •·;rE,",H ";Il1 
ItEL TA.:" HM - IE 
720 f<ETUi:;;N 
799 REM 
800 REM SAVE SIGNATURES 
805 VTAD 1: PRINT 
810 PRINT DSi"BSAVE ";FL$;DA$;Sii",Au;sB;u,L";NP + 1 
820 RETURN 
898 f<EM 
899 REM TIME-DIFF DET. 
900 V!l = 0 
910 IF <<IM- IE>> 10 AND ~IM- IE) 70) THEN VD = 1 
920 RETllf~N 
999 REM 
1000 REM QUERY-START 
1010 TEXT ; HOf'lE 
1011 PRINT ~ VOID DETECTION PROGRAM• 
1012 PRINT 
1013 PRINT " GEORGIA INSTITUTE OF TECHNOLOGYh 
1014 PRINT 
1015 PRINT •· ENGINEERING [).:f·EtUMENT STATION" 
1016 PRINT .... : F'F:HH II II 
1020 PRINT "OLD,NEW ~~TA OR QUIT? (Q,N,Q> ": GET A$l rRINT 
1025 IF AS = hQ" THEN GOTO 12000 
1030 IF NOT \ A'P = "0" 01:;; At = "N" > rHEN 1010 
1040 DS = O: I~ At = "0" THEN DS = 1 
1050 PRINT "WHAT FILE NAME FOR DATA SETS?" 
1051 INPUT " (LIP TC 15 CW~fd3 >---"; FL $.: PRIN f 
1052 IF FL$ = "" THCN GOTO 10!0 
1060 IF DS THEN INPUT "DATE DATA WAR SA~CD? "IDA$ 
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Table F-1 Continued 
4056 VTAB 18: PRINT 
4060 ItC = DC - 1 
4100 RETURN 
6000 VTAB 1 
6001 INVERSE : PRINT "CAL. DATA"i 
6005 NORMAL : PRINT " N = NO" 
6006 PRINT " ANY OTHER= ACCEPT": PRINT 
6010 INVERSE ! PRINT "VOID DATA" 
6015 NORMAL : PRINT " COMANDS!" 
6020 PRINT " Q =QUIT N =DO NOT ACCEPT" 
6030 PRINT " T =TEXT G =GRAPHICS" 
6035 PRINT " 1 =PAGEl 2 =PAGE2" 
6040 PRINT " Z =FLIP TEXT/GRAPHICS" 
6050 PRINT " X =FLIP PAGE 1/2" 
--6051 PRINT 
6053 PRINT " ANY OTHER KEY TO CONTINUEh 
6100 RETURN . 
10000 REM INITIALIZE VARIABLES 
10010 D$ = CHR$ (4):NP = 220 
10020 MEMMOV = 96 * 256:SUBTRCT = 97 * 256 
10030 DT = 99 * 256 
10040 BS = 100 * 256 
10050 SB = 98 * 256 
10060 HI = 1 
10999 RETURN 
11000 REM 
11001 REM LOAD MACH.LANG.ROUTINES 
11010 PRINT DS;"BLOAD MEMMOV, A"iMEMMOU;"YDl" 
11020 PRINT DS;"BLOAD SUBTRCT,A";SUDTRCT 
11030 RETURN 
12000 REM 
12001 REM EN[! 
12010 TEXT : HOME 
12013 PRINT 
12015 PRINT ~vo!D DETECTION PROGRAM 
120-16 Pr<INT 
12017 PRINT "ENDED: ";DA$ 
12100 END 































NEW I OLD 
DATA CHOICE 
GET FILE TITLE 




SAVE IF NOT 
OLD DATA 
' END OF 




IF NEW DATA 
END 
GET REFERENCE 
Figure F-2. Main program. 
SET SIGNATURE 
TYPE 














39 TIMES OR LESS 
SAVE SIGNATURES 
FOR NEW DATA 









ACCEPT I REJECT 
VOID DATA 
